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Abstract

ABSTRACT

Throw-rate data constrained by offset geological surfaces of known age have been collected in 

order to construct a new type of high-resolution seismic hazard map and test the hypothesis that 

historical seismicity (c. lOOOyrs) can adequately represent the recurrence of earthquakes on 

geological timescales (lO' -̂lO^).

Analyses of deformation rate data in the central and southern Apennines indicate that faults are 

interacting and form a soft-linked normal fault array about 158 km and 175 km in length 

respectively. Centrally located faults exhibit higher throw-rates than distal faults implying that 

seismic hazard varies accordingly along strike of both arrays. Summed throw-rates on faults 

imply maximum extension rates of 3.9 ± 0.8 mm/yr across the central Apennines and 1.1 ± 0.25 

mm/yr across the southern Apennines. In the southern Apennines finite throw data were also 

collected and compared with present day deformation rates, demonstrating that fault interaction 

started very early (20-30%) in the deformation story.

Two independent methods of obtaining deformation rate data have been used (measured values 

from displaced post-glacial sediments in the central and southern Apennines and predicted 

values from an equation that predicts extensional deformation rates over long time periods). 

These deformation rate data are converted into earthquake frequencies using established 

empirical relationships, turned into seismic hazard maps and attenuated accordingly with the 

bedrock geology using a new technique developed during this study. Hazard maps from both 

areas are considerably different from existing seismic hazard maps and demonstrate that hazard 

distribution varies significantly over short distances due to fault throw-rate variations along 

strike or changes in bedrock geology. Recurrence intervals extracted from the maps are 

averaged over 18 kyrs, a time span that encompasses many earthquake cycles, eliminating both 

the incompleteness as well as the temporal clustering problems associated with the historical 

earthquake records. These recurrence intervals combined with the historical record are used to 

calculate conditional probabilities of earthquake shaking at certain intensity values.

The construction of these hazard maps implies that in several normal faulting environments, 

geological fault slip-rate data supported by local geological site-response data and GIS 

techniques, can offer higher spatial resolution and more reliable representation of seismic 

hazard than maps based on historical seismicity.



Contents

TABLE OF CONTENTS

ABSTRACT 2

TABLE OF CONTENTS 3

LIST OF FIGURES 11

LIST OF TABLES 31

ACKNOWLEDGEMENTS 34

CHAPTER 1 INTRODUCTION 36

1.1 Natural hazards and earthquakes 36

1.2 Definition of the hypothesis and aims and objectives of this research 39

1.3 Fieldwork and choice of study areas 40

1.4 Thesis layout 41

CHAPTER 2 ACTIVE NORMAL FAULTS 43

2.1 Introduction 43

2.2 Fault geometry 43

2.3 Fault segmentation 46

2.4 Fault scaling 49

2.5 Fault interaction and fault growth 52

2.6 An equation that predicts slip-rates and implications for

seismic hazards 59

CHAPTER 3 EXISTING SEISMIC HAZARD MAPS AND THE ROLE OF

GEOLOGICAL DATA 63

3.1 Introduction 63

3.2. Seismic hazard maps 63

3.2.1 A review of existing seismic hazard maps 63

3.2.2 Disadvantages of existing seismic hazard maps 68

3.2.3 Earthquake occurrence, the Gutenberg-Richter 

relationship and characteristic earthquakes 73

3.3 The role of Geological data 78

3.3.1 Fault slip-rates and recurrence intervals 79

3.3.2 Methods of extracting defonnation rates 81

3.4 Surface geology and seismic shaking 84



Contents

CHAPTER 4 FAULT SCARPS AND DEFORMATION RATES IN

LAZIO-ABRUZZO, CENTRAL APENNINES 92

4.1 An overview of Lazio-Abruzzo, central Apennines 92

4.1.1 Geological and tectonic setting 92

4.1.2 Literature review on deformation and extension rates 96

4.1.3 Seismicity 100

4.1.3.1 Large historical events 100

4.1.3.2 Completeness of the historical record 101

4.2 Geomorphological setting 101

4.3 Deformation rates 105

4.3.1 Measured data 105

4.3.1.1 Methodology 105

4.3.1.1.1 Scarp profiles 106

4.3.1.1.2 Errors on scarp profiles 110

4.3.1.1.3 Visually estimated throws 111

4.3.1.1.4 Errors on visually estimated throws 112

4.3.1.2 Field observations, interpretations and 

deformation rates of individual faults 112

4.3.1.2.1 The Trasacco Fault 113

4.3.1.2.2 The Carsoli Fault 113

4.3.1.2.3 The Liri Fault 116

4.3.1.2.4 The Leonessa Fault 119

4.3.1.2.5 The Sulmona Fault 119

4.3.1.2.6 The Pescasseroli Fault 121

4.3.1.2.7 The Scurcola Fault 124

4.3.1.2.8 The Campo Imperatore Fault 124

4.3.1.2.9 The L’Aquila Fault 126

4.3.1.2.10 The Fiamignano Fault 129

4.3.1.2.11 The Barete Fault 131

4.3.1.2.12 The Fucino Fault and

surrounding structures 131

4.3.1.2.12.1 The Fucino Fault 133

4.3.1.2.12.2 The Parasano Fault 133

4.3.1.2.12.3 The Ventrino Fault 136

4.3.1.2.12.4 The San Sebastiano Fault 136

4.3.1.2.12.5 The Velino-Magnola 

Segment Boundary Fault 136



Contents

4.3.1.2.12.6 The Tre Monti

Segment Boundary Fault 137

4.3.1.2.12.7 The Campo Felice

Segment Boundary Fault 137

4.3.1.2.12.8 The Piano di Pezza

Segment Boundary Fault 137

4.3.1.2.12.9 The Gioia Vecchio

Segment Boundary Fault 138

4.3.1.2.13 The Aremonga-Cinque Miglia Fault 138

4.3.1.2.14 The Sella di Como Fault 138

4.3.1.2.15 The Rieti Fault 140

4.3.1.2.16 The Cassino Fault 140

4.3.1.2.17 Summary and throw-rate comparison 

with published values 140

4.3.1.2.17.1 Comparison with Roberts

and Michetti (in press) 140

4.3.1.2.17.2 Throw-rate comparison

with other published values 142

4.3.1.3 Summed throw rate profiles 143

4.3.1.3.1 Methodology 143

4.3.1.3.2 Results and interpretation 143

4.3.1.4 Extension rates 143

4.3.1.4.1 Results 143

4.3.1.4.2 Comparison with GPS data 144

4.3.1.4.3 Possible scenarios 147

4.3.1.4.4 Discussion on extension rates 149

4.3.1.5 Discussion 150

4.3.2 Predicted throw-rates 152

4.3.2.1 Methodology and application 152

4.3.2.2 Comparison between measured and predicted 

throw-rate values 153

4.3.2.3 Implications for seismic hazard 153

4.4 Conclusions 155

CHAPTER 5 FAULT SCARPS, DEFORMATION RATES, FINITE FAULT 

THROWS AND FAULT GROWTH IN CAMPANIA- IRPINIA 

-BASILICATA, SOUTHERN APENNINES 157



Contents

5.1 An overview of Campania-Irpinia-Basilicata, southern Apennines 157

5.1.1 Geological and tectonic setting 158

5.1.2 Seismicity 161

5.1.2.1 Large historical events 161

5.1.2.2 The Pollino seismic gap and the completeness

of the historical record 162

5.1.3 A review of published deformation and extension rates 162

5.2 Geomorphological setting 164

5.3 Fault description, deformation rates, finite throws and data analysis 165

5.3.1 Measured data 165

5.3.1.1 Methodology 168

5.3.1.1.1 Scarp profiles, estimated throws and 

errors 168

5.3.1.1.2 Cross-sections and errors 170

5.3.1.2 Field observations, interpretations, finite throws

and deformation rates of individual faults 170

5.3.1.2.1 The Pollino Fault 174

5.3.1.2.2 The Mercure Fault 177

5.3.1.2.3 The Monte Alpi Fault 179

5.3.1.2.4 The Maratea Fault 179

5.3.1.2.5 The Val' D' Agri Fault 182

5.3.1.2.6 The Vallo di Diano Fault 185

5.3.1.2.7 The Albumi Fault 189

5.3.1.2.8 The Irpinia Fault and its antithetic

Fault 190

5.3.1.2.8.1 The main Fault 190

5.3.1.2.8.2 The antithetic Irpinia Fault 194

5.3.1.2.9 The San Gregorio Fault 195

5.3.1.2.10 The Volturara Fault 197

5.3.1.3 Analysis of throw-rates and finite throws 197

5.3.1.3.1 Cumulative throw and throw rate 

diagrams 200

5.3.1.3.1.1 Methodology 200

5.3.1.3.1.2 Results and Interpretation 200

5.3.1.3.2 Extension rates 203

5.3.1.3.3 Relationships between throw/length 

ratios, finite fault throws.



Contents

throw-rates, throw gradients and

throw-rate gradients with distance

along strike the fault array 204

5.3.1.3.3.1 Spatial variation in 

Throw/Length ratios 204

5.3.1.3.3.2 Spatial variation in

finite throws 204

5.3.1.3.3.3 Spatial variation in 

throw-rates 204

5.3.1.3.3.4 Spatial variation in

throw gradients 207

5.3.1.3.3.5 Spatial variation in 

throw-rate gradients 207

5.3.1.3.3.6 Synthesis and interpretation 207

5.3.1.3.4 Comparison of finite cumulative

fault throws and throw-rates 208

5.3.1.3.4.1 Methodology 208

5.3.1.3.4.2 Interprétation-Implications

for the faults initiation age 210

5.3.1.3.5 Fault growth scenarios 213

5.3.1.3.5.1 1st Scenario of

early interaction 213

5.3.1.3.5.2 2nd Scenario of

late interaction 216

5.3.1.3.5.3 Discussion 216

5.3.1.3.6 Discussion 218

5.3.2 Predicted throw rates 222

5.3.2.1 Methodology and application 222

5.3.2.2 Comparison between measured and

predicted throw-rate values 225

5.3.2.3 Seismic hazard implications 225

5.4 Fault growth implications 226

5.4.1 Fault growth comparison between the central and

southern Apennines 226

5.4.2 Importance for seismic hazard assessment 230

5.5 Conclusions 232



Contents

CHAPTER 6 DESCRIPTION OF THE NEW TECHNIQUE DEVELOPED FOR THE 

CONSTRUCTION OF SEISMIC HAZARD MAPS FOR CENTRAL 

APENNINES 234

6.1 Introduction 234

6.2 Theoretical description of the method 234

6.3 Application of the method manually and importation

into Excel 240

6.4 Explanation of the parameters and the empirical relationships used 242

6.4.1 Relationships between coseismic slip, rupture length and 

earthquake magnitudes 243

6.4.2 Relationships between magnitude and intensities

distribution 245

6.4.3 Atténuation-amplification function used 247

6.5 Summary 249

CHAPTER 7 SEISMIC HAZARD MAPS FOR LAZIO-ABRUZZO

CENTRAL APENNINES 251

7.1 Introduction 251

7.2 Maximum expected shaking intensity seismic hazard map 251

7.3 Quantitative-Frequency of shaking seismic hazard maps 253

7.3.1 Hazard maps from measured throw-rate data 253

7.3.2 Hazard maps from predicted throw-rate data 255

7.3.3 Final hazard maps attenuated/amplified with the bedrock 257

7.4 Discussion 259

7.5 Conclusions 262

CHAPTER 8 DEVELOPING THE NEW TECHNIQUE FOR THE CONSTRUCTION 

OF SEISMIC HAZARD MAPS IN THE SOUTHERN APENNINES IN 

A GEOGRAPHIC INFORMATION SYSTEM ENVIRONMENT (GIS) 266

8.1 Introduction 266

8.2 Overview of GIS 266

8.3 GIS data structure 267

8.3.1 Data models 267

8.3.2 Spatial data formats 269

8.4 Data input, parameters and empirical relationships used 270

8.4.1 Data input 270



Contents

8.4.2 Parameters and empirical relationships used 272

8.5 Description of the modified technique applied within the GIS 274

8.6 Description of the individual steps followed into the GIS 278

8.7 Summary 285

CHAPTER 9 SEISMIC HAZARD MAPS FOR CAMPANIA-IRPINIA-

BASILICATA, SOUTHERN APENNINES 286

9.1 Introduction 286

9.2 Maximum intensity seismic hazard maps 286

9.3 Quantitative- Frequency of shaking seismic hazard maps 287

9.3.1 Maps from measured throw-rate data 287

9.3.1.1 Intensity IX map 287

9.3.1.2 Intensity VIII map 291

9.3.1.3 Final seismic hazard maps attenuated/amplified

with the bedrock geology 293

9.3.2 Maps from predicted throw-rate data 299

9.4 Sensitivity analysis 302

9.5 Discussion 306

9.6 Comparison with the historical record 315

9.6.1 Methodology 315

9.6.2 Results 318

9.6.3 Discussion 318

9.7 Conclusions 321

CHAPTER 10 PROBABILISTIC SEISMIC HAZARD ANALYSIS - APPLICATION

OF POISSON AND CONDITIONAL PROBABILITIES 324

10.1 Introduction 324

10.2 Long-term and short-term probabilities 324

10.3 The Poisson probability model 326

10.4 Conditional probabilities and the Italian historical record 328

10.5 The time dependent renewal process model 328

10.6 Application of Poisson and conditional probabilities in the 

Apennines 331

10.6.1 Coefficient of variation for the Apennines 331

10.6.2 Conditional and Poisson probabilities for the Apennines 332

10.7 Discussion 336



Contents

10.8 Summary and conclusions 345

CHAPTER 11 Discussion 347

11.1 Introduction 347

11.2 Seismicity rate comparison between existing seismic hazard maps 

and the maps presented in this study for the region of

southern Apennines 347

11.3 Comparison between the Excel and the GIS mapping technique 354

11.4 Comparison between measured and predicted throw-rates 355

11.5 Critical assessment of the method used 357

11.5.1 Advantages 357

11.5.2 Limitations 358

11.5.3 Uncertainties and errors 359

11.5.4 Improvements and future directions 364

11.6. Overview 367

CHAPTER 12 Conclusions 369

REFERENCES 374

APPENDIX 404

APPENDIX A 405

APPENDIX B 417

APPENDIX C 425

APPENDIX D 428

10



List o f  Figures

LIST OF FIGURES

Figures in Chapter 1

Figure 1.1 Chart showing the development of economic losses (in US dollars projected to 1999 

values) due to great natural catastrophes since 1950 (After Munich Re Group, 1999).

Figure 1.2 Pie charts showing the percentage distribution of great natural catastrophes between 

1950-1999 broken down by type of event. Earthquakes account for the 29% of the total number 

of great catastrophes, but for 47% of the total fatalities and 35% of the total economic losses 

(After Munich Re Group, 1999).

Figures in Chapter 2

Figure 2.1 Schematic view of the variation in displacement and fault-slip directions along a 

normal fault. There is a systematic variation in fault slip direction along the fault plane of each 

segment: pure dip slip motion occurs at segment centres, whilst oblique-slip kinematics are 

observed at their lateral tips. The open arrows indicate the regional extension direction. Fault 

slip directions vary as a function of fault displacement, with fault slip directions changing by 

-90° across fault segment boundaries. (After Roberts and Ganas, 2000).

Figure 2.2 Illustration of the structural and geomorphological variations observed along strike a 

segmented normal fault system. Erosion, drainage and sedimentation are controlled in part by 

fault segmentation. Large fans are sourced with transfer zones between en echelon fault 

segments, enabling sediments derived from the footwall dip-slopes to find a route into the 

hangingwall basin. (After Roberts and Gawthorpe, 1995).

Figure 2.3 Log-log plot of displacement versus length for various fault populations. This 

database shows a roughly linear d/L relationship that is maintained over -8  orders of magnitude, 

with a mean d/L ratio of 0.03. (After Schlische et al., 1996).

Figure 2.4 Interaction and linkage of sub-parallel faults in map view, a) Pre-interaction; self

similar growth, symmetrical D/L profile. Shading represents different periods of displacement

11



List o f  Figures

accumulation, b) Weak interaction, c) Moderate interaction; after entering the stress shadow, 

propagation decelerates and displacement begins to accumulate near interacting tips, d) Strong 

interaction; steep displacement gradients, e) Linkage; once a critical stress level is reached, 

propagation stops, minor linkage structures form, displacement accumulates in the linkage 

region and the summed profile approaches that of a single fault, f) Coalescence; linkage is 

complete the displacement profile is now appropriate for a single long fault. Propagation of 

distal ends resumes, leaving segment boundaries behind. (After Gupta and Scholz, 2000).

Figure 2.5 Summary diagram of sub-basin coalescence due to growth by linkage for an array of 

three fault segments. Two fault growth cases are described, a) Early linkage case: linkage 

precedes interaction and displacement profile re-adjustment. A broad basin develops on top of 

small sub-basins and the rate of subsidence increases until the pre-linkage D/L ratio is re

established. b) Late linkage case: pre-linkage interaction causes the displacement profile along 

the central segment to re-adjust without significant length change. Persistent intrabasin highs 

(IBH) develop which laterally confine the developing sub-basins. The central sub-basin 

temporarily experiences higher rates of subsidence due to fault interaction. Eventually, 

displacement localises on to one basin bounding-fault surface, the intrabasin highs become 

inactive and the rate of subsidence returns to its pre-interaction rate (After Cowie et al., 2000).

Figure 2.6 a) Sketch showing the Coulomb stress change on optimally orientated faults due to 

slip on a dipping normal fault. In the case of normal faults the pattern is approximately 

symmetric and regions of increased (positive) Coulomb failure function change are located 

along strike, whereas regions of decreased (negative) Coulomb failure function change extend 

transverse to the rupture fault (modified from King et al., 1994; Hodgkinson et al., 1996). b) 

Illustration of the healing-reloading feedback mechanism effect on four faults. Whenever faults 

B and C rupture the stress on fault A increases, therefore fault A experiences strong positive 

stress feedback and ruptures more frequently and consequently slips rapidly. Whenever fault A 

ruptures, the stress on fault D decreases (D lies in the so-called “stress shadow” of fault A), 

therefore fault B experiences negative stress feedback and it ruptures less frequently. (After 

Cowie, 1998).

Figure 2.7 Tectonostratigraphic model showing the four stages of fault array evolution. (After 

Cowie et al., 2000).

12



List o f  Figures

Figure 2.8 Growth and linkage of an idealised extensional fault array, a) Displacement profiles 

prior to interaction after displacement profile re-adjustment is complete, showing how fault 

scaling arguments imply that central fault must have an enhanced slip-rate relative to distal 

faults (SB=segment boundary) (After Cowie and Roberts, 2001). b) Displacement as a function 

of time on the central faults shown in (a), showing the enhanced rate of growth as interaction 

and linkage proceed. Time 1 refers to the period prior to significant interaction. Time 2 refers to 

the time period over which the slip-rates vary along the fault array (After Cowie and Roberts, 

2001). c) Graph showing how earthquake recurrence intervals (R) differ for faults with different 

throw-rates assuming all slip occurs with a given earthquake magnitude. (After Roberts and 

Michetti, in press)

Figure 2.9 An example showing how slip-rates can be predicted based on the equation proposed 

by Cowie and Roberts (2001). a) Fault growth model for a soft-linked fault system consisting of 

five faults. The throw-rates must increase towards the centre of the array simply because the 

fault array (d%= yLz) is self-similar with the individual faults (di= y Li) and the fault array 

develops through interaction between individual faults, b) Predicted growth rates for the five 

faults in (a). The relative throw-rate enhancement factors have been normalised to a 

hypothetical measured value for fault B. c) and d) show the data and calculations used in (b). 

(After Roberts et al., in press).

Figures in Chapter 3

Figure 3.1 Description of the 4 steps generally followed for probabilistic seismic hazard 

analysis (After Reiter, 1990).

Figure 3.2 a) Seismic hazard map of Italy derived from historical earthquake record (After 

GNDT-SSN, 2001). This map shows intensities that have a 90% probability of not being 

exceeded in a certain time period (e.g. 50 years) assuming a 475-year return period. White 

boxes show the areas where seismic hazard maps were constructed during this study (Chapter 7 

and Chapter 9), whereas the dash white circle shows the Pollino range seismic gap. The Pollino 

range constitutes the only sector of the normal fault system, from Umbria to Sicily, where 

strong earthquakes have not been recorded. Thus, according to this hazard map the Pollino 

range has a lower hazard than neighboring areas like Irpinia and Calabria. However, 

palaeoseismological studies demonstrate the occurrence of surface faulting events in the Pollino 

“gap” even during historical times (see also Chapter 5 for an extensive discussion), b)

13



List o f  Figures

Seismotectonic model of Italy; numbers indicate the seismogenic source zones. (After 

Scandone, 1997).

Figure 3.3 Seismicity of Italy, a) Italian historical seismicity from 476 B.C. to 1997 A.D. for 

events M>5.0. b) Italian instrumental seismicity from 1983 to 1997 for M>2.5. After INGV 

(1998). Blue circle shows the Pollino seismic gap.

Figure 3.4 Diagrammatic cumulative frequency-magnitude recurrence relationship for an 

individual fault or fault segment. Above magnitude M', a low b' value is required to reconcile 

the small-magnitude recurrence with geologic recurrence, which is represented by the box. The 

characteristic earthquake model implies a non-linear earthquake frequency magnitude 

relationship that is dominated by the characteristic event and that has a low b value in the 

moderate-magnitude range. A linear extrapolation of the recurrence curve from the smaller 

magnitudes assuming a constant b value, leads to underestimates in the frequency of large 

earthquakes (After Schwartz and Coppersmith, 1984).

Figure 3.5 Diagram illustrating the cumulative size distribution of earthquakes for: a) a single 

fault or plate boundary segment, and b) a large region containing many faults or plate boundary 

segments. W* is the down dip width of the seismogenic thickness and Lf is the length of the 

fault or fault segment so that Lf>W*. Small and large earthquakes obey different scaling laws, 

both characterised by power laws with different exponents. The characteristic dimension W* 

divides these two populations (After Scholz, 1997).

Figures in Chapter 4

Figure 4.1 a) Evolution of the Apenninic belt-Tyrrhenian basin system: i) At Upper Miocene- 

Lower Pliocene, active subduction of the Ionian sea beneath Calabria continued followed by a 

progressive eastward migration of the compression fronts. At the same time rifting was 

occurring in the Tyrrhenian basin, ii) At present-day extension. After Malinvemo and Ryan 

(1986), Doglioni (1991), Faccenna et al., (1996), Jolivet et al. (1998), Lucente et al. (1999). b) 

Location map of the study area, c) Map of major active faults of Lazio-Abruzzo on a digital 

elevation model. LeF - Leonessa Fault; RF - Rieti Fault; SeCoF - Sella di Como Fault; FiF - 

Fiamignano Fault; BF - Barete Fault; AF - L' Aquila Fault; CIF - Campo Imperatore Fault; CaF

- Carsoli Fault; ScF - Scurcola Fault; FuF - Fucino Fault; VF-Velino Fault, CFF- Campo Felice 

Fault, LF - Liri Fault; TF - Trassaco Fault; SuF - Sulmona Fault; PF - Pescasserolli Fault; CMF

- Cinque-Miglia Fault; CaSF - Cassino South Fault. The numbers represent localities from

14



List o f  Figures

where deformation rates were extracted during this study. Points B and C represent the end 

points of the NW-SE trending composite profile constructed in Figure 4.18. d) Polygon 2 

represents the area where almost all the active elastic strain is accommodated across central 

Italy according to geodetic data presented by D’ Agostino et al. (2001b). e) Map showing the 

traces and the figure numbers of the detailed topographical maps displayed in this chapter, f) 

Map showing the epicentres of the largest historical earthquakes in the study area (taken from 

Boschi et al., 1999).

Figure 4.2 a) Evolution of post-glacial fault scarps in Lazio-Abruzzo. During the glaciation 

sedimentation and erosion rates exceeded fault throw-rates resulting in smoothed hillsides. After 

the demise of the glaciation, erosion and sedimentation rates decreased and vegetation stabilized 

the slopes. The lower erosion and sedimentation rates allowed the preservation of faults scarps 

produced by the ongoing fault slip (After Roberts and Michetti, in press), b) Chronology of 

glacial and periglacial phases of Campo Imperatore. YD, Younger Dry as, HI, H2, H3, Heintich 

Events 1,2,3. The major glacial phase ended at 18 ka. Some small magnitude glacial re

advances followed by retreat phases have been recorded between 14 ka and 18 ka, but the 

geomorphology is not affected significantly by those stages (After Giraudi and Frezzoti, 1997).

Figure 4.3 i) Topographic map for the Trasacco fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Detailed topographic map showing the windgap 

at S.Antonio, iii) View of the scarp from the basin, iv) Topographic profile at locality 1. v) 

Close-up photo of the scarp with person (1.7 m) for scale, vi) Stereonet (lower hemisphere) 

shows the lineations on the fault plane. The heavy arrow indicates the mean fault-slip direction 

(63° towards 239°).

Figure 4.4 i) Topographic profile across the Carsoli fault at locality 2. ii) Close-up photo of the 

scarp, iii) N-S view of the scarp, iv) NW-SE view of the scarp, v) Schematic representation of 

the faults structure at locality 2. Stereonets show the lineations on the fault planes and heavy 

arrows indicate the mean fault-slip directions (75° towards 227° for the main fault, and 72° 

towards 185° for the perpendicular release fault).

Figure 4.5 i) Topographic map for the Liri fault (after Roberts and Michetti, in press). Numbers 

on grid lines are UTM coordinates, ii) Topographic profile at locality 5. iii) Close-up photo of 

the scarp at locality 5. iv) View of the Liri fault northwest from Capistrello village, v) View of 

the 30-40 m high cliff, which represents an older degraded scarp, located above the post-glacial 

scarp, vi) Topographic profile at locality 7.

15



List o f  Figures

Figure 4.6 i) Topographic profile across the Leonessa fault at locality 8. ii) Close-up photo of 

the scarp with person (1.8 m) for scale.

Figure 4.7 i) Topographic map for the Sulmona fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) View of the scarp from the Sulmona basin, iii) 

Topographic profile at locality 9. iv) View of the scarp profile with person (1.7 m) for scale, v) 

Stereonet shows the lineations on the fault plane and heavy arrow indicate the mean fault-slip 

direction (55° towards 196°).

Figure 4.8 i) Topographic map for the Pescasseroli fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) View of the Pescasseroli fault (close to the 

village of Opi). iii) Topographic profile at locality 10. iv) View of the upper scarp at locality 10, 

v) Topographic profile at locality 11. vi) Stereonet shows the lineations on the fault plane and 

heavy arrow indicate the mean fault-slip direction (78° towards 206°) at locality 11.

Figure 4.9 i) Topographic map of the Scurcola fault (after Roberts and Michett,i in press). 

Numbers on grid lines are UTM coordinates, ii) Topographic profile at locality 12.

Figure 4.10 i) Topographic map for the Campo Imperatore and the L’Aquila faults (After 

Roberts and Michetti, in press). Numbers on grid lines are UTM coordinates, ii) Topographic 

profile at location 13. iii) View of the scarp at locality 13. iv) View of the scarp at locality 14. 

Arrows indicate the fault trace, v) Topographic profile at locality 14. vi) Close-up photo of the 

scarp at locality 14 with person (1.7 m) for scale.

Figure 4.11 i) View of the main southwest dipping scarp of L’Aquila fault at locality 16. ii) 

Close-up photo of the same scarp at locality 16 with person (1.7 m) for scale, iii) Topographic 

profile at locality 16. iv) Close-up photo of the scarp at locality 17 with person (1.7 m) for scale, 

v) View of the scarp at locality 19. White arrows show the scarp, whereas black-white arrows 

show the agricultural terraces, vi) Close-up photo at locality 19. vii) Topographic profile at 

locality 19. viii) Topographic profile at locality 15. ix) View of the scarp at locality 15. x) View 

of the scarp at locality 15. xi) Stereonet shows the lineations on the fault plane and heavy arrow 

indicate the mean fault-slip direction (67° towards 193°) at locality 15. xii) First topographic 

profile on the highest throw visible at locality 20. xiii) Second topographic profile on the lowest 

throw visible at locality 20. xiv) Close-up photo across the second topographic profile at locality 

20 with person (1.7 m) for scale.
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Figure 4.12 i) Topographic map of the Fiamignano fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Topographic profile at locality 21. iii) View of 

the scarp at locality 21. White box shows the locality where the scarp profile was constructed.

Figure 4.13 i) Topographic map for the Barete fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Close-up photo of the scarp at locality 24. iii) 

Topographic profile at locality 24. iv) Stereonet shows the lineations on the fault plane and 

heavy arrow indicates the mean fault-slip direction (50° towards 239°).

Figure 4.14 i) Topographic map for the Fucino fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Topographic profile at locality 25. iii) View of 

the profile location at locality 25. Arrows show the upper and the lower scarps, iv) View of the 

lower scarp at locality 25 with person (1.8 m) for scale, v) Topographic profile at locality 26. vi) 

Close-up photo of the scarp at locality 26 with person (1.7 m) for scale, vii) Distant view of the 

scarp at locality 26. viii) View of the scarp at locality 27 north of the San Sebastiano village, ix) 

Topographic profile at locality 27. x) Close-up photo of the profile at locality 27 with person 

(1.7 m) for scale, xi) View of the Campo Felice fault scarp, xii) Topographic profile at locality 

28. xiii) Close-up photo of the profile at locality 28 with person (1,8 m) for scale, xiv) 

Topographic profile at locality 29.

Figure 4.15 View of the Cinque Miglia fault scarps, displacing Holocene sediments. Arrows 

indicate the fault scarp traces.

Figure 4.16 Topographic map for the Sella di Como fault (After Roberts and Michetti, in 

press). Numbers on grid lines are UTM coordinates.

Figure 4.17 i) Topographic map for the Cassino fault (After Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) View of the scarp at locality 22 with person 

(1.7 m) for scale.

Figure 4.18 a) Throw-rate profiles for the major active normal faults in Lazio-Abruzzo. The 

grey shading represents the along-strike extent of the polygon 2 shown in Figure 4.Id. b) 

Summed throw-rate profile derived by summing the profiles in (a) at 5 km intervals.

Figure 4.19 Comparison of extension rates measured with GPS in the Polygon 2 shown in 

Figure 4 .Id, with heave/throw rates for the active faults in the same polygon. The grey shading 

represents the along-strike extent of the polygon shown in Figure 4.1c and Figure 4.Id. a) The

17



List o f  Figures

data collected and presented in this chapter which are the preferred values, b) Alternative data 

from Galadini and Galli (2000) assuming that the maximum throw-rate values are maintained 

along the entire fault length. No error bars are referred in their study, c) The values extracted 

from this study are combined with the higher reported throw-rate values from Galadini and 

Galli (2000) (Fig. 4.19b) by removing the preferred values for these three faults (Velino- 

Magnola, Campo Felice and Ovindoli-Pezza faults) and substituting the higher reported values 

shown in Figure 4.19b.

Figure 4.20 Graph showing the relationship between measured and predicted throw-rate values.

Figures in Chapter 5

Figure 5.1. (a) Location map of the study area, showing active faults that have displaced 

Holocene deposits, (b) Map of major active faults of the Southern Apennines in UTM 

coordinate frame. The bedrock map was modified and simplified from the CNR (1990) map and 

transformed into the UTM coordinate system thought the Arcview projection utility extension. 

VF - Volturara Fault; IrF - Irpinia Fault; AntlrF - Antithetic Irpinia Fault; SGrF - San Gregorio 

Fault; AIF - Albumi Fault; VDF - Vallo di Diano Fault; VAF - Val' D Agri Fault; MaF - 

Maratea Fault; MAF - Monte Alpi Fault; MeF - Mercure Fault; PF - Pollino Fault, CaF -  

Castrovillari fault (from Cinti et al., 2002), CiF -  Civita fault (from Michetti et al., 1997). 

Numbers on white circles represent studied localities referred to in the text, from which throw- 

rates have been extracted. Numbers on white boxes represent cross sections displayed in Figure

5.3, whilst thin black lines represent cross section traces. Points B and C define the northwest 

and the southeast end members of the composite profile presented in Figures 5.13, 5.14, 5.15,

5.16 and 5.19.

Figure 5.2. Epicentral areas of the 1694, 1857 and 1980 earthquakes in the southern Apennines. 

Modified from Westaway and Jackson (1987). Few data exist on the 1561 earthquake.

Figure 5.3. Cross-sections across the active faults in the southern Apennines. Their numbers 

and traces are located in Figure 5.1b. The names below the cross section numbers refer to the 

1:100000 geological maps used for the construction of cross sections.

Figure 5.4 i) Scarp profile of the Pollino fault at locality 30, ii) Close-up photo of the scarp at 

locality 30, iii) Topographic profile of the Pollino fault at locality 31, iv) View of the scarp at 

locality 31, v) Close up view of the scarp at locality 31, vi) View of the scarp at locality 32 with
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person for scale (1.7 m) and stereonet (lower hemisphere) showing the lineations extracted from 

the fault plane at the same locality. The heavy arrow indicates the mean fault-slip direction (60° 

towards 175°).

Figure 5.5 i) Topographic profile across the Mercure fault at locality 33. ii) Close up view of 

the scarp at locality 33, iii) Topographic profile at locality 34, iv) View of the scarp at locality 

34.

Figure 5.6 View of the Monte Alpi fault escarpment. Arrows show the oversteeped fault plane 

along the base of the limestone escarpment, indicating its relatively recent activity.

Figure 5.7 i) View of the Maratea fault escarpment, ii) Topographic profile of the Maratea fault 

at locality 36, iii) Close up view of the scarp at locality 36, iv) Close up view of the Maratea 

scarp close to locality 36 with person (1.8 m) for scale, v) Stereonet (lower hemisphere) shows 

the lineations on the fault plane at locality 36. The heavy arrow indicates the mean fault-slip 

direction (70° towards 247°).

Figure 5.8 i) View of the V al'd' Agri fault near the Marsico Nuovo village. Steep triangular 

facets (Dash white line) separated by wine glass canyons. The arrows show the postglacial scarp 

at the base of the facets, ii) Topographic profile of the Val'd' Agri fault at locality 37, iii) Close 

up view of the scarp at locality 37, iv) Topographic profile at locality 38, v) Close up photo of 

the scarp at locality 38. vi) Possible surface ruptures of the 1857 event reported by Benedetti et 

al. (1998). However, there are not continuous along strike and have only been recognised on a 

high angle scree slope, where slope modification by gravity would be significant, vii) Same as 

vi with person (1.8 m) for scale.

Figure 5.9 i) Topographic profile of the Vallo di Diano fault at locality 39, ii) Close up photo 

facing the scarp at locality 39 with person (1.8 m) for scale, iii) Close up photo parallel to the 

scarp at locality 39, showing that the postglacial throw is essentially equal to the free face 

height, iv) Distant view of the scarp, v) Topographic profile at locality 40, vi) Close up view of 

the scarp at locality 40, vii) Stereonet (lower hemisphere) shows the lineations on the fault plane 

at locality 40. The heavy arrow indicates the mean fault-slip direction (57° towards 190°), viii) 

Topographic profile at locality 41, ix) Close up view of the scarp at locality 41, x) Distant view 

of the scarp, showing the way postglacial throw diminishes towards the NW, xi) View of the 

scarp at locality 42, xii) Topographic profile at locality 42, xiii) Close up view of the scarp at 

locality 42 with person (1.7 m) for scale.

19



List o f  Figures

Figure 5.10 a) Map showing the epicentral area of the 1980 event and the surrounding 

structures. Aftershock locations are from Westaway and Jackson (1987), the 1980 surface 

ruptures from Westaway and Jackson (1984) and Pantosti and Valensise (1990) and the Mt. 

Onga fault from Ascione et al, (2003). b) i) Topographie profile of the Irpinia fault at locality 

44, ii) Close up view of the scarp at locality 44 with person (1.8 m) for scale, c) i) View of the 

Irpinia antithetic scarp, arrows indicate the postglacial fault trace, ii) Topographic profile at 

locality 45, iii) Close up view of the profile at locality 45 with person (1.7 m) for scale.

Figure 5.11 i) Distant view of the San Gregorio scarp, arrows indicating the postglacial fault 

trace, ii) Topographic profile at locality 46, iii) Close up view of the scarp at locality 46 with 

person (1.7 m) for scale, iv) Stereonet (lower hemisphere) shows the lineations on the fault 

plane at locality 46. The heavy arrow indicates the mean fault-slip direction (50° towards 193°), 

v) View of the scarp at locality 47.

Figure 5.12 a) i) Topographic maps showing the windgap locations towards the Volturara fault, 

ii) Photos of the Volturara fault windgaps. b) Sketch showing that the postglacial scarp may be 

buried under the lake sediments.

Figure 5.13 Finite throw profiles for the major active normal faults in southern Apennines. The 

letters B and C in Figure 5.1b represent the northwest and the southeast end of the profile, 

respectively. Error bars are discussed in Section 5.3.1.1.2.

Figure 5.14 Throw-rate profiles for the major active normal faults in southern Apennines. The 

letters B and C in Figure 5.1b represent the northwest and the southeast end of the profile, 

respectively. Error bars are discussed in Section 5.3.1.1.2 and are also presented in Table 5.2.

Figure 5.15 Cumulative finite throw profile derived by summing the profile in Figure 5.13 at 5 

km intervals. Thirty-six transects are oriented perpendicular to the overall NW-SE fault strike. 

The line from B to C in Figure 5.1b represents the trace of the profile, and the letters B and C 

are located towards the northwest and southeast tip of the fault array, respectively.

Figure 5.16 Cumulative throw-rate profile derived by summing the profile in Figure 5.14 at 5 

km intervals. Transects are oriented perpendicular to the overall NW-SE fault strike. The line 

from B to C in Figure 5.1b represents the trace of the profile, and the letters B and C are located 

towards the northwest and southeast tip of the fault array, respectively.
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Figure 5.17 a) Graph showing how throw/length ratios on individual faults are correlated with 

distance along strike the fault array. Throw/length ratios tend to increase in value towards the 

centre of the array, b) Graph showing how finite throws of individual faults are correlated with 

distance along strike of the fault array. Quantitative analysis shows a relatively strong 

correlation, c) Graph showing how throw-rates of individual faults are correlated with distance 

along strike the fault array. Centrally located faults exhibit higher throw-rates compared to distal 

faults. Quantitative analysis shows a significant correlation between throw-rates and distance 

from the nearest end of the array, implying that fault interaction processes are active (sensu 

Cowie and Roberts, 2001).

Figure 5.18 Graphs showing the relationships between: a) finite throw and b) throw-rate with 

normalized distance along a fault, for 5 individual faults. The distance along the fault has been 

normalized (0 represents the centre of the fault and 100 the tips) so as to facilitate comparison 

between different faults, c) Graph showing the relationship between the slope of normalized 

distance versus throw and distance along strike the array. This is a measure of how throw 

gradients vary with distance along the strike of the overall array, d) Graph showing the 

relationship between the y-intercept (i.e. another measure of maximum throw) and distance 

along the array, e) Graph showing the relationship between the slope of normalised distance 

versus throw-rate and distance along strike of the overall array. This is a measure of how throw- 

rate gradients vary along strike the array. Four faults have been omitted, because throw-rate 

observations were not sufficiently dense enough to provide reliable values, f) Graph showing 

the relationship between the y-intercept (i.e. another measure of maximum throw-rates) and 

distance along the array. Again, four of the faults have been omitted (the same faults as graph 

d), because throw-rate observations were not sufficiently dense enough to provide reliable 

values.

Figure 5.19 Graph showing the measured and the predicted throw values over different fault 

initiation ages. Predicted throw values are projected over 2, 2.5, 3 and 4 Myrs, assuming that 

present day throw-rates remained constant through time and that faults initiated synchronously. 

Fault initiation ages over 2.5 and 3 Myrs correlate fairly well, with the measured throw.

Figure 5.20 Conceptual model of fault growth from Cowie and Roberts (2001). During stage 1 

faults grow in a self similar fashion, increasing both their displacements and lengths except 

during linkage. During stage 2 when faults achieve a certain size, they start to interact, and the 

whole fault array behaves as a one large fault. As a result, their lateral propagation is restricted 

and centrally located faults will exhibit higher throw-rates in order to re-adjust their throws and 

achieve higher D/L ratios as implied from fault scaling arguments. In conclusion, centrally
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located faults will exhibit higher throws and throw-rates and steeper throw and throw rate 

gradients compared to distal faults.

Figure 5.21 First scenario of fault evolution through time for an array of five faults. Stage 1 

represents self-similar fault growth. Stage 2 marks the onset of fault interaction, leading to 

higher displacement rates on centrally located faults. During stage 1, a similar low amount of 

displacement accumulated on every fault. During the prolonged stage 2, a large amount of 

displacement accumulated on all of the faults, particularly on centrally located faults. The 

amount of displacement accumulated during the first stage represents only a small portion of the 

finite fault throws (10-20% of the central faults and 25-35% of the distal faults). When 

projecting the 18 ka throw-rate values over 2.5-3 Ma, no substantial difference between the 

measured and the predicted values, will be observed.

Figure 5.22 Second scenario of fault evolution through time for an array of five faults. In this 

scenario, fault interaction initiated very recently, implying that the accumulated throw during 

the second short duration stage, is very small. Therefore, no discrepancy is observed between 

the measured and the predicted throw values for the centrally located faults. This scenario 

implies significantly different initiations ages between the central and the distal faults (4-5 Ma 

for centrally located faults, 3 Ma for the distal faults), but this hypothesis cannot be justified 

either from published data or from this study. Additionally, thrusting was still active in Lower 

Pliocene times, suggesting that this scenario is inadequate for the tectonic setting of southern 

Apennines.

Figure 5.23 a) Graph showing the relationship between measured and predicted throw-rate 

values for the region of southern Apennines, b) Graph showing that values for only two faults 

are plotted outside the error bars of the measured values.

Figure 5.24 Fault growth comparison between the southern and central Apennines.

Figure 5.25 Graph showing how the maximum throw-rate/maximum throw for each fault 

correlates with distance along strike, a) In the central Apennines there is a significant positive 

correlation (R^=0.5415), showing progressively higher maximum throw-rate/maximum throw 

values towards the centre of the array (values are from Roberts and Michetti, in press), b) In the 

southern Apennines there is a very poor correlation (R^=0.0015).

Figure 5.26 Graph showing the finite throw/length relationship for individual faults and the 

overall arrays in central and southern Apennines. It is clear that both arrays are underdisplaced
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because they have significantly lower finite throw/length ratios than the values extracted for 

individual faults.

Figures in Chapter 6

Figure 6.1 Schematic representation of the individual steps followed for the construction of 

hazard maps, a) Assuming that there is a triangular throw profile for the faults and ruptures, and 

that the maximum throw is observed at the centre of the fault, the number of surface faulting 

earthquakes of fixed size (Ms=6.5) each fault has experienced in a certain time period can be 

calculated, b) Throws in these profiles represent the slip that each fault has accumulated during 

the last 18 kyrs. c) The fault triangle area is filled up with earthquakes, d) The epicentres are 

plotted several kilometres away from the fault in the hangingwall and circles with given 

diameter (representing “isoseismals”) are also added.

Figure 6.2 a) Based on trigonometry, the earthquake density can be extracted along the strike of 

the fault. In this example, the fault is divided into five patches and each patch has a uniform 

earthquake density, b) The modelled epicentres (dots on the fault trace) are plotted 10 km away 

from the fault in the hangingwall, assuming 45° dipping faults and hypocentres at 10 km. Then 

25 km diameter circles (representing IX “isoseismals”) are added.

Figure 6.3 Simplified geological map for Lazio-Abruzzo. It comprises 2205 pixels. Each pixel 

represents an area of 2.5 x 2.5 km.

Figure 6.4 View of the old stone-made houses in Trasacco village that are founded on 

Mesozoic limestone bedrock and survived the 1915 Fucino earthquake.

Figure 6.5 a) Co-seismic ruptures and b) Intensity distribution of the 13 January 1915 Ms c.7.0 

earthquake of the Fucino Plain (Modified from Galadini et al. 1995). The dashed box shows the 

location of (a).

Figures in Chapter 7

Figure 7.1 a) Map showing the maximum expected shaking intensity. The maximum intensity 

locations are defined by their proximity to the nearest active fault and the local bedrock 

geology, b) Bedrock geology map.
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Figure 7.2 Maps showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 ka, assuming homogenous bedrock geology, and a circular pattern of 

energy release (for fault names see Fig. 4.1c or Fig. 7.3). a) Map based on measured throw-rate 

data, b) Map based on predicted throw-rate data.

Figure 7.3 Map showing the differences between measured and predicted throw-rate hazard 

maps. Positive values represent those localities where the measured throw-rate hazard map 

shows more events than the predicted throw-rate hazard map, whilst negative values represent 

those localities where the predicted throw-rate hazard map calculates more events than the 

measured throw-rate hazard map. LeF - Leonessa Fault; RF - Rieti Fault; SeCoF - Sella di 

Como Fault; FiF - Fiamignano Fault; BF - Barete Fault; AF - L' Aquila Fault; CIF - Campo 

Imperatore Fault; CaF - Carsoli Fault; ScF - Scurcola Fault; FuF - Fucino Fault; VF-Velino 

Fault, CFF- Campo Felice Fault, LF - Liri Fault; TF - Trassaco Fault; SuF - Sulmona Fault; PF - 

Pescasserolli Fault; CMF - Cinque-Miglia Fault; CaSF - Cassino South Fault (see also Fig. 

4.1c).

Figure 7.4 Maps showing how many times a locality shakes at intensities >IX in 18 ka, 

assuming a simple attenuation/amplification function where bedrock Mesozoic-Cenozoic 

limestones shake at a single intensity value less than the Quatemary/flysch/foredeep deposits at 

the same epicentral distance, a) Map based on measured throw-rate data. Numbers in red circles 

locate the towns presented in Table 7.1. b) Map based on predicted throw-rate data, c) Scale on 

the hazard maps, which shows the event frequency of intensity IX shaking since 1349 A.D. See 

Table 7.1 and text in Section 7.4 for explanation (after Roberts et al., in press).

Figure 7.5 Comparison of the historical record of earthquake shaking for the towns in Table 7.1 

with the shaking frequencies predicted in Figure 7.4a and 7.4b for the period 1349 A.D. to 

present, a) Measured throw-rates, b) Predicted throw-rates.

Figures in Chapter 8

Figure 8.1 Schematic sketch showing the overlay analysis of different data layers, performed in 

this study.
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Figure 8.2 Simplified geological map for Campania-Irpinia-Basilicata, southern Apennines. 

The bedrock map was modified and simplified from the CNR (1990) map and transformed into 

the UTM coordinate system through the Arcview projection utility extension.

Figure 8.3 Mathematical formulae that describe the earthquake distribution along the strike of 

the fault trace. The distance (x) in meters of every earthquake point from the tip of the fault can 

be calculated. One formula applies on the first half of the fault length (triangle A) and the other 

formula applies on the remaining half (triangle B).

Figure 8.4 a) Based on trigonometry, earthquake points situated along strike the fault trace and 

described in UTM coordinates, can be relocated 10 km in the hangingwall to extract the 

hypothetical epicentres also in UTM coordinates, b) Example showing a similar process in map 

view for a NE dipping fault (Irpinia fault) and a SW dipping fault (Vallo di Diano fault) from 

the study area in southern Apennines.

Figure 8.5 Step by step schematic description of the functions performed by the AML script, 

written by Sakellariou (2001). This script was imported into the Arc/Info and executed 

separately for every fault (Sketch modified from Sakellariou, 2001).

Figures in Chapter 9

Figure 9.1 Map showing the first scenario of maximum expected shaking intensity, assuming 

that a Mesozoic-Neogene limestone site experiences one shaking intensity magnitude less than 

the flysch/foredeep or the Quaternary sites. The maximum intensity locations are defined by 

their proximity to the nearest active fault and the local bedrock geology. A circle diameter of 25 

km has been used for an energy level capable of producing shaking at intensities >IX and a 

circle diameter of 50 km for shaking at intensities >VIII.

Figure 9.2 Map showing the second scenario of maximum expected shaking intensity assuming 

that a Mesozoic-Neogene limestone site located within 12.5 km from the epicentre, will 

experience one single shaking intensity magnitude less than the Neogene Flysch/foredeep 

deposits and two single shaking intensity magnitudes less than the Quaternary sediments. 

Isoseismal dimensions are the same as Figure 9.1.

Figure 9.3 Map showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 kyrs, assuming homogenous bedrock geology, a circular pattern of energy
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release and a 12.5 km radius of isoseismal IX. VF - Volturara Fault; IrF - Irpinia Fault; AntlrF - 

Antithetic Irpinia Fault; SGrF - San Gregorio Fault; AIF - Albumi Fault; VDF - Vallo di Diano 

Fault; VAF - Val' D Agri Fault; MaF - Maratea Fault; MAF - Monte Alpi Fault; MeF - Mercure 

Fault; PF - Pollino Fault (see also Fig. 5.1).

Figure 9.4 Map showing how many times a locality receives enough energy to shake at 

intensities >VIII in 18 kyrs, assuming homogenous bedrock geology, a circular pattern of 

energy release and a 25 km radius of isoseismal VIII.

Figure 9.5 Map showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 kyrs, assuming a simple attenuation/amplification function where bedrock 

Mesozoic-Cenozoic limestones shake at a single intensity value less than the 

Quaternary/flysch/foredeep deposits at the same epicentral distance.

Figure 9.6 Map showing how many times a locality receives enough energy to shake at 

intensities >VIII in 18 kyrs, assuming a simple attenuation/amplification function where 

bedrock Mesozoic-Cenozoic limestones shake at a single intensity value less than the 

Quaternary/flysch/foredeep deposits at the same epicentral distance.

Figure 9.7 A new type of seismic hazard map, which combines Figures 9.5 and 9.6, showing 

how many times a locality receives enough energy to shake at its maximum expected intensity 

(IX or VIII) in 18 kyrs.

Figure 9.8 Map showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 kyrs, assuming that only localities lying on Quaternary sediments are 

susceptible of shaking at such intensity levels.

Figure 9.9 A new type of seismic hazard map that integrates frequency data from three different 

macroseismic intensity values. It shows how many times a locality receives enough energy to 

shake at the maximum expected intensity (X, IX or VIII) in 18 kyrs. In this scenario, if three 

localities that are founded on three different geological units are equidistant and located within

12.5 km from the epicentre, the locality that lies on bedrock will shake at intensity VIII, the 

locality that lies on flysch/foredeep will shake at intensity IX and the locality that lies on 

Quaternary will shake at intensity X.

Figure 9.10 Map showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 kyrs based on predicted throw-rate data and assuming homogenous
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bedrock geology, a circular pattern of energy release and a 12.5 km radius of isoseismal IX. (for 

fault names see Fig. 9.3 or Fig.5.1).

Figure 9.11 Map showing the differences in frequency values between measured throw-rate and 

predicted throw-rate hazard maps, by subtracting predicted frequency values from measured 

frequency values. Thus, positive frequency values represent localities where the measured 

hazard map calculates more events than the predicted hazard map, whilst negative values 

represent localities where the predicted map calculates more events than the measured hazard 

map (for fault names see Fig. 9.3 or Fig. 5.1).

Figure 9.12 Map showing how many times a locality receives enough energy to shake at 

intensities >IX in 18 kyrs, assuming homogenous bedrock geology, a circular pattern of energy 

release and a 20 km radius of isoseismal IX that can be characterised as an extreme upper value 

for a Ms=6.5 earthquake in southern Apennines.

Figure 9.13 Map showing the frequency differences between Figure 9.3 and Figure 9.12 by 

subtracting the hazard map constructed with a 12.5 km radius of isoseismal IX from the hazard 

map constructed using a 20 km radius of isoseismal IX (for fault names see Fig. 9.3 or Fig. 5.1).

Figure 9.14 a) Map showing the spatial distribution of the upper 5% of the frequency values 

observed for intensity IX and VIII. The intensity VIII peak locality is located 20 km southwest 

from the intensity IX peak locality, b) Map showing the spatial distribution of the upper 10% 

and 20% of the frequency values for intensity IX and VIII (for fault names see Fig. 9.3 or Fig. 

5.1).

Figure 9.15 Map showing the locations of the towns presented in Tables 9.1, 9.2 and 9.3. It also 

shows how many times a locality receives enough energy to shake at intensities >IX in 18 kyrs, 

assuming a 12.5 km radius of isoseismal IX and a simple attenuation/amplification function 

where bedrock Mesozoic-Cenozoic limestones shake at a single intensity value less than the 

Quatemary/flysch/foredeep deposits at the same epicentral distance.

Figure 9.16 This scale is added in the hazard maps and allows the event frequency of intensity 

IX and VIII shaking since 1561 and 1349 A.D. to be assessed. Therefore, in this process the 

average frequency numbers observed over 18 kyrs are normalised to 442 and 654 years, 

respectively.
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Figure 9.17 Diagrams showing that there is no correlation between the normalised predicted 

shaking frequencies from this study and the historical record. Diagram: a) for intensity IX (in 

442 yrs), b) for intensity VIII (in 442 yrs), c) for intensity IX and VIII (in 654 yrs), d) showing 

the best observed correlation (R^=0.13), after testing all possible combinations, e) for intensity 

IX based on predicted throw-rates values (in 442 and 654 yrs), f) for intensity IX assuming a 20 

km radius of isoseismal IX (in 442 and 654 yrs).

Figures in Chapter 10

Figure 10.1 Seismic hazard map for the Lazio-Abruzzo, showing the mean per year probability. 

The Pratola Peligna and the San Benedetto de Marsi have similar mean per year probabilities, 

but different conditional probabilities.

Figure 10.2 a) View of the Poisson or exponential density function calculated for the town of 

Pratola Peligna. b) Probability density function for earthquake recurrence. Conditional 

probability in interval (Te<T <Te+ T), given the elapsed time Te since the last event, is the 

ratio of the area of dark shading to the sum of the areas with dark and light shading (After 

WGCEP, 1990).

Figure 10.3 Probability density calculated immediately after the 1915 event and conditional 

probability density knowing that no event occurred between 1915-2002 for the San Benedetto 

de Marsi in Lazio-Abruzzo. Both probability density functions are almost identical, because the 

elapsed time since the last event is too small compared to the recurrence interval, implying that 

the town is at time early in the cycle.

Figure 10.4 Probability density calculated immediately after the 1706 event and conditional 

probability density knowing that no event occurred between 1706-2002 for the Pratola Peligna 

in Lazio-Abruzzo.

Figure 10.5 Cumulative time dependent probability for the town of Pratola Peligna, calculated 

immediately after the 1706 event and cumulative conditional probability knowing that no event 

occurred between 1706-2002.

Figure 10.6 Probability density calculated immediately after the 1857 event and conditional 

probability density knowing that no event occurred between 1857-2002 for the town of 

Viggiano in the southern Apennines.
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Figure 11.1 a) Seismotectonic model of Italy; numbers indicate the seismogenic code. (After 

Scandone, 1997). Red rectangle shows the region of the southern Apennines shown in (b). b) 

Simplified geological map of the southern Apennines, showing the spatial distribution of the 

three seismogenic zones in the area. All active faults, (with the exception of the southwestern 

half of the Maratea fault, which lies outside of every zone), are assigned to one of the three 

seismogenic zones of the area. The thickness of the lines represents the authors’ uncertainty in 

source location and the zone boundaries introduced in the hazard computation by Slejko et al. 

(1998).

Figure 11.2 Seismic hazard map for the region of southern Apennines showing how many times 

a locality receives enough energy to shake at intensities >IX in 18 kyrs, assuming a circular 
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by Slejko et al. (1998). This figure shows that shaking frequencies vary significantly within 
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Chapter 1

CHAPTER 1 - INTRODUCTION

1.1 NATURAL HAZARDS AND EARTHQUAKES

Natural hazards are defined as extreme natural events that pose a threat to people, their property 

and their possessions and they become natural disasters if and when this trend is realised 

(McGuire et al., 2002). In particular, natural hazard has been defined by UNESCO as the 

probability of occurrence within a specified period of time and within a given area, of a 

potentially damaging phenomenon (Bell, 1999). Figure 1.1 and Table 1.1 show that there has 

been a dramatic increase in the number of “great” natural disasters and the losses, during the last 

50 years. Natural catastrophes are classed as “great” if the ability of the region to help itself is 

distinctly overtaxed, making inter-regional or international assistance necessary (Munich Re 

Group, 1999). In particular. Table 1.1 shows that for the 1990s the number of “great” natural 

catastrophes have increased by a factor of 4 since the 1950s, whereas the economic losses have 

been increased by a factor of 14. This rising trend in natural catastrophes and losses has been 

influenced mainly by the global increase of population, which is a component of increased 

vulnerability (Blaikie et al., 1994). According to Munich Re Group (1999) the main reasons for 

this sharp increase with the exception of the population growth, are the rising standards of 

living, the settlement and industrialization of regions very exposed to hazard, and the 

vulnerability of modem societies and technologies. It has been estimated that natural hazards 

cost the global economy over 50 billion dollars per year (Bell, 1999).

Earthquakes were the Earth’s worst natural hazard in the years between 1950-1999. According 

to Munich Re Group (1999) earthquakes account for the 29% of the total number of great 

natural catastrophes, but are responsible for the 47% of human deaths and for 35% of the 

economic losses (Fig. 1.2). It has been calculated that 1248 lethal earthquakes occurred during 

the last century with 1,700,000 officially reported deaths (Cobum and Spence, 2002).

It is widely accepted that earthquakes, unlike climatic hazards, cannot be predicted in the short

term (e.g. Geller et al., 1997). Attempts have been made to mitigate the impact of earthquake 

hazards by constmcting seismic hazard maps for estimating the consequences of earthquakes 

offering a long-term prediction of hazard. These maps can prove useful for emergency planning 

purposes and pre-emergency defence measures such as land use planning and regulations for 

earthquake resistant buildings. Presently, seismic hazard maps are constmcted based on the 

historical data conceming past events (see Section 3.2.1). However, most large earthquakes 

occur with periodicity that is longer than the timespan of human memory (30-100 yrs) 

(Alexander, 1993) and many times with periodicity that is longer than the observation period
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Figure 1.1 Chart showing the development of economic losses (in US dollars projected to 

1999 values) due to great natural catastrophes since 1950 (After Munich Re Group, 1999).

Table 1.1 Number of great natural catastrophes and economic losses for every decade since 

1950 -  A comparison. Natural catastrophes are classed as great if the ability of the region to 

help itself is distinctly overtaxed, making interregional or international assistance necessary 

(After Munich Re Group, 1999)

Decade Decade Decade Decade Decade
1950-1959 1960-1969 1970-1979 1980-1989 1990-1999

Number 20 27 47 63 82

Economic losses 38.5 69.0 124.2 192.9 535.8

Comparison of decades 1950-1999

Factor Factor Factor Factor
90s :80s 90s:70s 90s:60s 90s :50s

Number 1.3 1.7 3.0 4.1

Economic losses 2.8 4.3 7.8 13.9
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Figure 1.2 Pie charts showing the percentage distribution of great natural catastrophes 

between 1950-1999 broken down by type of event. Earthquakes account for the 29% of the 

total number of great catastrophes, but for 47% of the total fatalities and 35% of the total 

economic losses (After Munich Re Group, 1999).
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covered by the historical records. For example, the 1995 Kobe earthquake in Japan, one of the 

most destructive events of the last century (6,348 fatalities, 100 billion dollars economic loss) 

occurred in an area which, in all its 1000 year history, had never been hit by such a destructive 

earthquake (Munich Re, 1999). There are numerous examples that verify the incompleteness of 

the historical record, for whatever reason, even in countries like Greece and Italy which have 

some of the longest and best-constrained historical catalogues worldwide. For example, the 

damaging earthquakes in Kozani-Grevena, Greece, 1995 (Ms=6.5) (e.g. Ambraseys, 1999), 

Belice, Italy, 1968 (Ms=5.9) (Michetti et al., 1995a), occurred in regions characterized as 

aseismic, according to the existing hazard maps, despite the fact that geologic data indicate 

repeated Late Pleistocene-Holocene slip, but with long (10^ yrs) recurrence intervals. As a 

result, geological fault slip-rate data averaged over time periods which include numerous 

seismic cycles constitute one of the critical tools required to assess seismic hazard in an area 

(e.g. Roberts et al., in press). The rate at which a fault slips fundamentally determines the 

seismic hazard as average earthquake recurrence intervals tend to decrease as values for the slip- 

rate increase (Cowie and Roberts, 2001).

1.2 DEFINITION OF THE HYPOTHESIS AND AIMS AND OBJECTIVES OF THIS 

RESEARCH

It is commonly argued that geological data can only be used to give a qualitative assessment 

(e.g. defining the fault geometry and calculating the maximum credible earthquake) of seismic 

risk within an area (e.g. Bell, 1999). However, this thesis argues that geological data, under 

certain circumstances, can also offer a quantitative assessment and allow new methodological 

advances in constructing high spatial resolution seismic hazard maps by incorporating 

geological fault slip-rate and local geological site-response data. This PhD thesis will test the 

hypothesis that traditional hazard maps based on historical seismicity data (c. 1000 yrs) 

represent accurately the long-term seismic hazard in a region, through comparison with 

geological fault slip-rate data, which can provide longer timescales (lO' -̂lO  ̂yrs) conceming the 

level of activity on active faults. Geologic indicators (such as displaced post-glacial sediments) 

have been used in order to measure and extract deformation rates from active faults in the 

regions of the central and southern Apennines. Additionally, an equation presented by Cowie 

and Roberts (2001) that predicts extensional deformation rates over long time periods is tested 

through comparison with the measured deformation rates. Following a compilation of a throw- 

rate database for the central and southern Apennines, a new type of seismic hazard map has 

been constructed for these regions by converting these deformation rate data into earthquake 

frequencies using established empirical relationships and attenuating them accordingly with the
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bedrock geology using a new technique developed during this study. Then, a comparison with 

the existing maps that are based on historical catalogues is presented. Finally, a new hypothesis 

is advanced, which states that geological fault slip-rate data, supported by local geological site- 

response data and GIS techniques, can offer higher spatial resolution and more reliable 

representation of seismic hazard than maps based on historical seismicity.

Overall this thesis is divided into two distinct parts. The first part relates to structural geology 

and the second part to the construction of seismic hazard maps. In particular, the first part 

(Chapters 4 and 5) describes the fault geometry in the central and southern Apennines and 

develops a fault throw-rate database in combination with existing published throw-rates. These 

databases provide the input data for the construction of seismic hazard maps presented in the 

second part of the thesis. Moreover Chapter 5 also analyses the temporal and spatial variations 

of throw-rates and finite throws in the southern Apennines and examines the implications for 

fault interaction and fault growth. The second part of the thesis describes the methodology used 

for the construction of the hazard maps (Chapter 6 and 8), presents new hazard maps (Chapter 7 

and 9), which allow calculation of time independent and time-dependent conditional 

probabilities (Chapter 10). A more detailed description of what the thesis contains is presented 

in Section 1. 4.

1.3 FIELDWORK AND CHOICE OF STUDY AREAS

Two areas were selected for collecting throw-rate data and constructing seismic hazard maps; i) 

the Lazio-Abruzzo region in the central Apennines, and ii) the Campania-lprinia-Basilicata 

region in the southern Apennines. Both regions were selected not only due to the availability of 

a valuable seismic catalogue and the relatively large number of fault trench studies conducted in 

recent years (see Tables 4.1 and 5.1), but in particular because fault scarps are well-exposed and 

deformation rate information can be extracted through the construction of scarp profiles, using 

as reference the last major glacial retreat phase that occurred 18 kyrs ago (Giraudi and Frezzotti, 

1997). In a case such this, geological data have the potential to extend the history of slip on a 

fault back many thousands of years, a time span that generally encompasses a large number of 

earthquake cycles (Yeats and Prentice, 1996), and thus elucidates the long-term pattern of fault- 

slip.

Fieldwork was mainly focused on the extraction of deformation rates through the construction 

of scarp profiles. In addition, fault lengths were also measured and in a few cases fault slip 

direction data were collected. Appendices A and B display all topographic profile related (slope
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dips) and fault slip direction data collected for the central and southern Apennines, respectively 

(see Section 4.3.1.1 for explanation of methodology).

The data presented in Chapter 4 follow, update and are linked to a number of papers which 

relate to the study area. For example, Cowie and Roberts (2001) provide evidence of fault 

interaction processes occurring in Lazio-Abruzzo. Roberts and Michetti (in press) collected 

deformation rate and finite throw data and provide a detailed analysis on how throw-rates, finite 

throws, D/L ratios, throw-rate and the finite throw gradients vary spatially along strike the fault 

array. Based on these data they suggested that the interaction onset is relatively recent. Roberts 

et al. (in press) present a new type of seismic hazard maps that is based on the database 

compiled by Roberts and Michetti (in press). Roberts et al. (2002) show that the fault array in 

Lazio-Abruzzo is the only example involving active faults that the interaction onset has been 

traced in time, arguing that fault ship-rates and thus seismic hazards are not simply controlled 

by the rates of plate tectonics, but fault interaction also has a role to play. Finally, Papanikolaou 

et al. (in press) update the throw-rate database presented by Roberts and Michetti (in press) and 

compare the geological derived rates with GPS data.

1.4 THESIS LAYOUT

The thesis is divided into 12 Chapters. Following this introduction in Chapter 1, Chapter 2 

provides a literature review of active normal faults with particular emphasis placed on fault 

scaling arguments, fault growth models and their implications for seismic hazard assessment by 

describing an equation proposed by Cowie and Roberts (2001) that predicts slip-rates for soft or 

hard-linked normal fault arrays. Chapter 3 provides an overview of existing seismic hazard 

maps and argues how geological data can improve our knowledge about earthquake recurrence. 

Additionally, it offers a discussion on seismic shaking parameters, attenuation relationships and 

describes how surface geology impacts on the damage distribution.

In Chapter 4, a detailed fault-by-fault description is offered with emphasis placed on the 

collection of deformation rate data for Lazio-Abruzzo, central Italy, updating an existing dataset 

presented by Roberts and Michetti (in press). Additionally, these geological derived rates are 

compared with GPS data presented by D’Agostino et al. (2001b), testing whether a 6 year 

period geodetic data can be extrapolated to 10 -̂10'  ̂yrs timescales. In Chapter 5, a detailed fault- 

by-fault description is offered with particular emphasis placed on the collection of deformation 

and finite throw data for the region of the southern Apennines. This chapter also analyses how 

throw-rates, finite throws, D/L ratios, throw-rate and the finite throw gradients vary spatially. In
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addition, it provides an estimate on extension rates and tests different fault initiation ages 

proposed by several workers. Finally, it examines the fault growth history in the southern 

Apennines and compares it with that of the central Apennines.

In Chapter 6, a new technique for constructing seismic hazard maps from geological fault slip- 

rate data is presented. This technique was partially applied manually and then imported into 

Excel to assess the seismic hazard in Lazio-Abruzzo based on the throw-rate database presented 

in Chapter 4. It quantifies the number of times each locality receives enough energy to shake at 

intensities > IX, as implied by fault-slip rate data. Chapter 7 presents the hazard maps for Lazio- 

Abruzzo based on the Excel technique presented in Chapter 6. In Chapter 8, the methodology 

described in Chapter 6 has been further evolved and developed in a Geographic Information 

System (GIS) environment for study of the southern Apennines. Chapter 9 presents a large 

number of different types and forms of seismic hazard maps constructed in a GIS environment 

that incorporate several scenarios and different input parameters for the region of southern 

Apennines, based on the throw-rate database presented in Chapter 5. Chapter 10 presents the 

calculation of Poisson-based and conditional probabilities in the central and southern 

Apennines, based on the mean earthquake shaking recurrence intervals extracted from the 

hazard maps in Chapters 7 and 9, and the historical record. It also offers a sensitivity analysis of 

the input parameters that influence the probability calculations. Chapter 11 offers a discussion 

on several different topics conceming the deformation rates and the seismic hazard maps 

presented in the previous chapters. This chapter critically assesses the new methodology for 

constructing seismic hazard maps applied in this thesis, presenting its advantages compared to 

existing hazard maps, its limitations, and discusses possible improvements. Finally, Chapter 12 

presents the conclusions.

It should be noted that the geological derived deformation rate data presented in Lazio-Abruzzo, 

in Chapter 4 and its comparison with the geodetic data, are the subjects of two papers; one paper 

published by Roberts et al. (2002) for which the current author is a co-author and a second paper 

that is currently in press (Papanikolaou et al., in press). The same is true for the seismic hazard 

maps of Lazio-Abruzzo presented in Chapter 7 (Roberts et al., in press). The work was 

conducted in collaboration with other workers, but substantial portions of these papers are the 

result of work by the present author and thus included in this thesis. Credit for work conducted 

by others is indicated where appropriate.
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CHAPTER 2 - ACTIVE NORMAL FAULTS

2.1 INTRODUCTION

This chapter offers a review on active normal faults. Section 2.2 describes the fault geometry 

and Section 2.3 presents the fault segmentation concept. Section 2.4 describes the fractal nature 

of faults and the implications of fault scaling. Section 2.5 describes the way faults interact and 

grow, whereas Section 2.6 describes an equation proposed by Cowie and Roberts (2001) that 

predicts slip-rates for soft or hard-linked normal fault arrays and presents the implications for 

seismic hazards.

2.2 FAULT GEOMETRY

Large seismogenic normal faults have dips in the range 30°-60° (Jackson and White, 1989). 

Dips significantly less than 20° have not been observed. These faults are approximately planar 

in cross section, cut the base of the seismogenic layer and rotate about a horizontal axis as they 

move (Jackson, 1987). They are rarely continuous along strike for more than 15-20 km, but 

commonly curve or step in an en echelon fashion. Such changes along strike affect the lateral 

extent of rupture in earthquakes, allowing long fault systems to develop as a set of segmented 

shorter faults (Jackson and White, 1989).

a) Uplift hangingwall ratio

The ratio of uplift to hanging-wall subsidence is relatively poorly known and several different 

values have been observed and modelled. For example, Stein and Barrientos (1985) as well as 

Vita-Finzi and King (1985) suggest that the ratio of footwall uplift to hanging wall subsidence is 

typically in the range 10-20% (or 1/10-1/5), both for coseismic and longer-term motions. 

However, Armijo et al., (1996) used a thick elastic plate model and calculated footwall uplift to 

hangingwall downdrop ratios of 1/2.7 to 1/3.5 for the Xylokastro fault in the Corinth Gulf. 

Moreover, other scientists have observed uplift to subsidence ratios of 1/2 for the Teton range 

(Byrd et al., 1994) and the Borah Peak earthquake (Stein et al., 1988). Overall, the value of this 

ratio is very important particularly for seismic assessment purposes. For example, in some 

regions such as the Gulf of Corinth the only way to deduce slip-rates covering a long-time 

period, is from uplifted Quaternary marine terraces situated on the footwall of the faults. In 

these cases, even though the uplift rate can be easily calculated, there is no information 

available for the hangingwall, therefore fault slip-rates cannot be determined unless the value of
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the uplift hangingwall ratio is known. As a result, the estimated slip-rates depend heavily on the 

value of the uplift hangingwall ratio used.

b) Seismogenic layer

Seismic activity is largely restricted to the upper one third to one half of deforming continental 

crust and this part is defined as the seismogenic layer. Large normal faults penetrate the entire 

seismogenic layer, while small faults are confined within the seismogenic layer. The 

seismogenic layer in extensional tectonic settings is approximately 12-15 km thick (e.g. Chen 

and Molnar, 1983). Large earthquake ruptures (M l>5.5) nucleate close to the base of the 

seismogenic layer, which appears to represent the transition from unstable frictional (FR) fault 

behaviour to quasi-plastic (OP) shearing flow and corresponds to the onset of greenschist 

metamorphic conditions at about 300-350 °C (Sibson, 1984; 1989). Most areas of crustal 

extension are characterised by high heat flow, therefore, they promote shallowing of the FR/QP 

transition and reduce the thickness of seismogenic zone (Sibson, 1984).

It has been proposed that the thickness of the seismogenic layer may be the fundamental control 

on the scale of geological structures in the crust (Jackson and White, 1989; Wallace, 1989). 

However, the factors that control the length of normal faults are poorly known. Jackson and 

Blenkinsop (1997) proposed that thicker seismogenic crust is associated with longer normal 

faults as well as with wider half grabens and greater elastic thickness, but Scholz and Conteras 

(1998) suggest that the flexural strength of the lithosphere is the major factor that controls the 

length of normal faults.

c) Displacement profiles of isolated faults

Along strike displacement profiles of isolated normal faults of different lengths display a similar 

pattern to that expected from crack models, with a maximum displacement near the centre of the 

fault and displacement tapering off to zero at the edges (e.g. Scholz, 2002). Observed fault 

displacement profiles always exhibit finite tapers near the tips, indicating that inelastic 

deformation has occurred in the vicinity of the fault tip (Cowie and Scholz, 1992a).

Isolated faults tend to have a triangular to elliptical (Watterson, 1986; Pollard and Segall, 1987; 

Walsh and Watterson, 1988) or bell-shaped profiles (Cowie and Scholz, 1992a). Elliptical and 

bell-shaped patterns were predicted by simple elastic (Pollard and Segall, 1987) and elastic- 

plastic theories (Cowie and Scholz, 1992a) respectively, but most scientists now agree that 

faults typically display a triangular profile. For example, Dawers et al. (1993) after studying 

fault displacement profiles along normal faults in Owens Valley, California found that the
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profiles of small faults (a few dozen meters to a few hundred meters long) are best 

approximated by a triangular shape, whether larger faults (more than a 1 km long) exhibit an 

elliptical shape. Nicol et al. (1996) argued that isolated or unrestricted faults display a linear 

displacement gradient. Cowie and Shipton (1998), argue that a bell shaped-elliptical 

displacement profile with tip gradients that tend to zero (proposed by Cowie and Scholz, 1992a) 

is an end-member solution applicable only to the case where the whole fault area is slipping 

simultaneously. As a result, identifying a bell shaped profile from field observations might 

indicate a fault that has predominantly moved in major slip events that rupture the entire fault, 

although other factors such as changing bulk rheology may also play a role. Cowie and Shipton 

(1998) conclude that when the size of the slipping patch is smaller than the dimensions of the 

fault plane and strength recovery is geologically instantaneous, the displacement profile follows 

an approximately linear decrease towards the tip. They also suggest that the linear case is more 

generally applicable to the faults, particularly those which evolve in sedimentary rocks that 

cannot support large elastic strains. Additionally, Manighetti et al. (2001) after studying 255 

fault displacement profiles in Afar with lengths ranging from 0.3 to 60 km, conclude that the 

great majority of them (72%) display roughly linear displacement profiles, whereas elliptical or 

bell shaped patterns are rare, accounting only 15% of the fault population.

d) Fault scarps and slip direction data

Fault scarps are dislocations of the ground surface coincident or roughly coincident with a fault 

plane. They are the primary geomorphic expression of active faulting and are commonly 

exposed in basement carbonates (Stewart and Hancock, 1990; 1994). Fault planes associated 

with fault scarps develop lineations in the direction of fault slip which indicate the motion of 

fault movement; kinematic indicators range from metre-scale corrugations and gutters to 

centimetre-scale frictional wear striae (Stewart and Hancock, 1990; 1991).

As described above, during normal faulting hangingwall subsidence exceeds footwall uplift, so 

greater along strike extension occurs in the hangingwall than in the footwall along segmented 

normal faults (Ma and Kusznir, 1995). This asymmetry in along strike extension is thought to 

induce oblique fault slip close to fault tips where low fault displacements occur (Ma and 

Kusznir, 1995). Indeed, throw gradients on faults produce stretching of the ground surface along 

strike, so slip-directions at the tips of the faults are oblique and converge towards the 

hangingwall to accommodate this stretching (Roberts, 1996; Roberts and Ganas, 2000). Slip 

directions vary as a function of fault displacement, with fault slip directions changing by -90° 

across fault segment boundaries (Fig. 2.1). Roberts and Ganas (2000) argued that this pattern 

has important implications for stress inversion studies as well as for the determination of the 

fault length. In particular, only fault slip measurements extracted from the centre of the fault
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where the dip slip motion occurs, should be used to estimate the regional extension direction, 

because slip vectors close to the tip of the fault converge towards its hangingwall and are 

inadequate to provide a regional extension direction (Roberts, 1996; Roberts and Ganas, 2000). 

Moreover, since this converging slip direction pattern varies with throw and distance, it can also 

help define fault lengths. This technique has been used in places during this study to help 

estimate fault lengths.

2.3 FAULT SEGMENTATION

Normal fault systems consist of individual fault segments each of which has a different 

earthquake history and is separated from its neighbouring segments by sites of anomalously low 

fault displacement or segment boundaries (e.g. Schwartz and Coppersmith, 1984; Crone and 

Haller, 1991). Therefore, most large faults do not rupture along their entire length during 

individual rupture events, but instead surface breaks are restricted to segments bounded by 

rheological and structural heterogeneities within fault zones, that may rupture independently of 

each other, each with its own history (e.g. Crone and Haller, 1991).

The identification of segments and their boundaries is not an easy procedure. The key point is 

the identification of persistent segment boundaries, although no segment boundary is absolutely 

persistent throughout the entire history of a fault and eventually all boundaries must fail (e.g. 

Crone and Haller, 1991). Segment boundaries are areas of structural or material heterogeneity, 

where ruptures terminate (Sibson, 1987; Wheeler, 1987). Their seismic behaviour can be 

correlated with mapped complexities of fault geometry.

According to dePolo et al. (1991) discontinuities can be grouped into three categories: 

geometric, structural and behavioural. Geometric discontinuities include changes in fault 

orientation (bends), stepovers (en echelon offsets) and separations or gaps in a fault zone. 

Structural discontinuities include fault branches, intersections with other faults and folds, 

terminations at cross structures. Behavioural discontinuities include changes in slip-rates and 

interseismic intervals.

Intrabasin highs or transfer zones define the boundary between two along strike fault segments 

of larger active normal faults or fault segments (e.g. Wheeler, 1987). However, there is a debate 

on whether transfer zones or intrabasin highs are persistent barriers to fault rupture or not. For 

example, studies of rupturing on large normal faults suggested that intrabasin highs are 

persistent barriers to fault rupture, thus resulting in long-term displacement deficits (Schwartz
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Figure 2.1 Schematic view of the variation in displacement and fault-slip directions along a 

normal fault. There is a systematic variation in fault slip direction along the fault plane of 

each segment; pure dip slip motion occurs at segment centres, whilst oblique-slip kinematics 

are observed at their lateral tips. The open arrows indicate the regional extension direction. 

Fault slip directions vary as a function of fault displacement, with fault slip directions 

changing by -90° across fault segment boundaries. (After Roberts and Ganas, 2000).
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Figure 2.2 Illustration of the structural and geomorphological variations observed along strike 

a segmented normal fault system. Erosion, drainage and sedimentation are controlled in part 

by fault segmentation. Large fans are sourced with transfer zones between en echelon fault 

segments, enabling sediments derived from the footwall dip-slopes to find a route into the 

hangingwall basin. (After Roberts and Gawthorpe, 1995).
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and Coppersmith, 1984; Wheeler, 1987; 1989; Zhang et al., 1991; Machette et al., 1991). 

Wheeler (1987) and (1989) after studying gravity profiles, which run parallel to the fault trace, 

argued that gravity highs represent shallow basement rocks of partially buried intrabasin highs 

that constitute a barrier in which the growth or propagation of the fault is restricted at several 

along strike locations. An alternative viewpoint suggests that intrabasin highs mark the locations 

where two originally isolated fault segments linked together, and so they represent locations of 

antecedent linkage (Anders and Schlische, 1994). These highs are regions of significant post 

linkage strain accommodation and not regions of recent displacement deficit as previously 

suggested. According to the model proposed by Anders and Schlische (1994), intrabasins highs 

appear no more likely to serve as segments boundaries than any other geometric feature and 

thus are unreliable for use in defining normal fault rupture lengths commonly used to assess 

seismic hazards.

dePolo et al. (1991) after studying the surface ruptures from historical earthquakes in the Basin 

and Range province, concluded that approximately half of the 11 historical surface ruptures 

ended at distinct fault zone discontinuities. The other half were either widely distributed with 

indistinct end points or ended at locations that did not coincide with clear indicators of fault 

zone discontinuities. This example shows the complexity involved in the interpretation of fault 

segmentation, indicating that both views described above are partially valid. In conclusion, 

segment boundaries may have a value in predicting the boundaries of earthquake segments, but 

their identification is not straightforward, in particular for large earthquakes (M~7 or higher) 

that tend to produce multi-segment ruptures (e.g. Sieh, 1996; Yeats et al., 1997).

Fault segmentation is also scale dependent. Faults that are drawn as continuous at one scale may 

appear segmented when examined in more detail (Walsh and Watterson, 1991; Dawers and 

Anders, 1995). For example, en echelon offsets or gaps of several tens of meters or more are 

common within a segment. However, only features whose size is measured on kilometres are 

likely to be large enough and extend deep enough to physically interfere with a propagating 

rupture (Sibson 1987; 1989; Machette et al., 1991).

Finally, fault segmentation also controls erosion, drainage and sedimentation (e.g. Gawthorpe 

and Hurst, 1993, see also Fig. 2.2). Displacement is at a maximum near the centre of a fault and 

decreases to minima at the lateral tips. Following this displacement variation, footwall elevation 

tends to decrease and hangingwall elevation tends to increase away from the fault centre. 

Transfer zones accommodate displacement changes between individual fault and basin 

segments and influence drainage basin development, sediment transport pathways and sites of 

sediment deposition (Gawthorpe and Hurst, 1993). Drainage systems developed in the footwall
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of fault zones may exploit the relative topographic low developed between en echelon fault 

segments in order to enter the hangingwall basin (Leeder and Gawthorpe, 1987). Transfer zones 

and segment boundaries are characterised by low footwall and high hangingwall elevation 

(Roberts and Gawthorpe, 1995). Therefore, large fan systems sourced through the transfer zones 

between en echelon fault segments, enable sediments derived from the footwall dip-slopes to 

find a route into the hangingwall basin (Fig. 2.2, Leeder and Gawthorpe, 1987; Roberts and 

Gawthorpe, 1995; Gawthorpe and Leeder, 2000).

2.4 FAULT SCALING

A recent breakthrough in structural geology has been the recognition that fault patterns are 

fractal. There is a systematic distribution of fault sizes and a spatial organization to the pattern 

that continues to all scales (e.g. Turcotte, 1992; Scholz, 1995). Mandelbrot (1967) first 

introduced the concept of fractals in geology. This concept does not explain the mechanism that 

produces the fractal scaling, but exhibits a power law size distribution (Mandelbrot, 1967; 

Scholz, 1995). This recognition of scaling relationships is similar to that for earthquakes. That is 

why seismologists first realised that the so-called Gutenberg-Richter relationship, which 

describes the relative number of earthquakes of a given magnitude, could be interpreted with a 

fractal model (Aki, 1981; Turcotte, 1986). Turcotte (1992) defines a fractal set as one in which 

the number N of objects or fragments of length L scale as a power law of exponent D 

[N(L)=AL ° where N is the number of faults of length greater than L and A is a constant]. If 

scale invariance extends over a sufficient range of length scales, then the fractal distribution 

provides a useful description of the applicable statistics (Turcotte, 1992; Scholz, 1995). 

Therefore, geological patterns such as fault populations and the way displacement scales with 

fault length can be quantified.

In 1986 a model was proposed by Watterson to explain why the displacement of a fault scales 

with its length as d=yL" where y and n are constants. In particular, y is related to rock material 

properties and n is the power law exponent (Cowie, 1997). The value of n is significant because 

it is linked to the mechanical properties of crustal rock and the stresses that are needed to drive 

fault growth (Cowie, 1997).

Although, most scientists now agree that n=l, there has been much debate about the value of 

this constant. For example, authors have argued that:
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• n=2; Watterson (1986) and Walsh and Watterson (1988) based on an empirical growth

model which assumes that brittle faults grow in elliptical slip events in which fault 

length increases by a constant increment;

• n=1.5; Marret and Allmendinger (1991) proposed a modification to the previous

geometric model in which the incremental difference between elliptical slip events is 

linearly related to the number of events. Gillespie et al, (1992) based on regression 

analysis of field data suggested that the difference between successive elliptical events 

will be proportional to L®'̂ , which in linear-elastic fracture mechanics is proportional to 

stress intensity;

• n=1.2-l,5; Yielding et al. (1996) based on seismic reflection data;

• n=l; Cowie and Scholz (1992b), Gudmundsson (1992), Dawers et al. (1993), and 

Villemin et al. (1995) supported a self-similar scaling, in contrast to the previous groups 

that supported a systematic increase in displacement with the larger faults. Post-yield 

fracture mechanics models for the growth of an isolated fault predict a linear 

relationship between maximum displacement and length of the form d=yL (e.g. Cowie 

and Scholz, 1992a). Cowie and Scholz (1992a) emphasised that the infinite stress 

concentration at the fault tips implied by elliptical slip events (as used in earlier models) 

is physically unrealistic. Dawers and Anders (1995) support that n=l and suggest that 

this Displacement-Length scaling relationship is also applicable to faults formed by 

linkage. Schlische et al. (1996) after studying very small faults (L<1.25 m) support that 

n=l and propose that the best fit curve for the global data set which extends of more 

than eight orders of magnitude is given by the equation D=0.03L '̂®  ̂ (Fig. 2.3). Finally, 

Clark and Cox (1996) through statistical tests and analysis of each data separated, argue 

that n=l, whereas Wang and Ou (1998) studied the scaling relations of earthquake faults 

using mainly the data base of earthquake source parameters compiled by Wells and 

Coppersmith (1994) and conclude that average displacement relates to rupture length in 

a form of d ~ L.

In conclusion, a global compilation of D/L data presented by Schlische et al. (1996), despite the 

scatter, indicates that a roughly linear d/L relationship is maintained over ~8 orders of 

magnitude in fault length, with a mean d/L ratio of 0.03 and a range of -0.001-1 (Fig. 2.3). In 

this database the only value that appears to change between large and small faults, is not the 

exponent n, but the value of y, with small faults (L<1 km) exhibiting lower values than larger 

faults (Schlische et al., 1996). The value of y relates to rock properties and the tectonic 

environment. However, this is expected because large faults sample deeper into stronger 

rocks (Cowie and Scholz, 1992b). This scaling relationship shows that as a fault accumulates
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Figure 2.3 Log-log plot of displacement versus length for various fault populations. This 

database shows a roughly linear d/L relationship that is maintained over ~8 orders of 

magnitude, with a mean d/L ratio of 0.03. (After Schlische et al., 1996).
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displacement the fault surface must grow in size, in the form d=yL. The notion that 

displacement on faults grows linearly with length has important implications to fault growth 

(see following Section 2.5) and seismic hazard assessment (see Section 2.6).

2.5 FAULT INTERACTION AND FAULT GROWTH

Considerable progress has been made towards a better understanding of the processes governing 

the growth of faults and the previous scaling law relationship constitutes a fundamental part of 

it. Fault growth was initially focused on the idea of bilateral radial propagation of a single fault, 

but later studies demonstrated the importance of fault linkage as a fault growth mechanism 

(Peacock and Sanderson, 1991; Trudgill and Cartwright, 1994). It is now apparent that 

interaction and linkage of component faults is the dominant mechanism of growth in normal 

fault systems (e.g. Cartwright et al., 1995), whereas bilateral tip propagation in most settings is 

of secondary importance (Gupta and Cowie, 2000).

As faults propagate towards one another, growth is affected by interactions between them, 

leading to the development of relay ramps as well as to the formation of anomalous 

displacement gradients and high Dmax/L values (Fig. 2.4, Peacock and Sanderson, 1991; 1994; 

1996; Gupta and Scholz, 2000). The relay ramp rotates to transfer displacement between the 

segments and the decrease in displacement along one segment is being matched by an increase 

in displacement on the adjacent segment (Peacock and Sanderson, 1991; 1994; 1996). 

Eventually, the strain in the transfer zones will exceed a local threshold, breaching will occur, 

and the initially independent faults eventually link to form a larger hard-linked fault (Fig. 2.4, 

Cartwright et al., 1995; Peacock and Sanderson, 1996; Gupta and Scholz, 2000).

It has been demonstrated that the shapes of displacement length profiles are influenced by 

variable frictional properties (Burgmann et al., 1994; Wilkins and Gross, 2002), fault 

propagation rates (Peacock and Sanderson, 1996), and mainly by elastic interaction between 

neighbouring faults (e.g. Peacock and Sanderson, 1991; Nicol et al., 1996; Willemse et al., 

1996). Displacement length profiles provide valuable information on the fault growth processes. 

Thus, faults with symmetric profiles represent those that propagated equi-dimentionally from 

the nucléation point, and that steep displacement gradients and asymmetric profiles result from 

interactions between faults (e.g. Peacock and Sanderson, 1991; 1994; Nicol et al., 1996; 

Willemse et al., 1996; Contreras et al., 2000; Cowie and Roberts, 2001).
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Figure 2.4 Interaction and linkage of sub-parallel faults in map view, a) Pre-interaction; self

similar growth, symmetrical D/L profile. Shading represents different periods of displacement 

accumulation, b) Weak interaction, c) Moderate interaction; after entering the stress shadow, 

propagation decelerates and displacement begins to accumulate near interacting tips, d) 

Strong interaction; steep displacement gradients, e) Linkage; once a critical stress level is 

reached, propagation stops, minor linkage structures form, displacement accumulates in the 

linkage region and the summed profile approaches that of a single fault, f) Coalescence; 

linkage is complete the displacement profile is now appropriate for a single long fault. 

Propagation of distal ends resumes, leaving segment boundaries behind. (After Gupta and 

Scholz, 2000).
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There are two distinctive cases of fault growth: the early linkage and the late linkage case (Fig. 

2.5, Cowie et al., 2000). In the case of early linkage, faults link early, therefore the new longer 

fault is underdisplaced and has to accumulate displacement without increasing length in order to 

develop the appropriate D/L ratio (Fig. 2.5a, Cowie et al., 2000; Gawthorpe and Leeder, 2000). 

Cartwright et al. (1995) suggested that fault growth might be thought of as a step-like process, 

in which the D/L ratio of the newly larger formed fault deviates from the linear displacement 

length relationship and as more displacement is accumulated, it recovers to the pre-linkage D/L 

ratio (Fig. 2.5a). In the case of late linkage, neighbouring faults begin to interact and readjust 

their displacement profiles prior to physical linkage (Fig. 2.5b, Peacock and Sanderson, 1991; 

Nicol et al., 1996; Willemse et al., 1996; Gupta and Scholz, 2000). In this case faults become 

overdisplaced, but following linkage, they re-establish their pre-linkage displacement length 

ratio, as implied by fault scaling arguments. This fault growth case can also be thought of as a 

step-like process (Fig. 2.5b, Cowie et al., 2000). Both step-like processes can explain the large 

scatter observed in the D/L global database (Gawthorpe and Leeder, 2000; Gupta and Scholz,

2000) and show that these deviations are part of the fault growth process. Figure 2.5 also shows 

that the initial fault geometry may partially define whether an early or late linkage case will 

occur.

Both cases of fault growth described above have been recognised in the field or in seismic 

reflection studies and can be considered as the end members of fault growth pattern (e.g. Cowie 

et al., 2000). For example, the early linkage case, where displacement profiles begin to re-adjust 

after linkage has been demonstrated in the Canyonlands fault array in Utah (USA) (Cartwright 

et al., 1995) and the Strathspey-Statfjord fault array in North Sea (McLeod et al., 2000). The 

late linkage case where the displacement profiles begin to re-adjust prior to physical linkage has 

been observed among others in Volcanic Tableland in California (Dawers and Anders, 1995), in 

Lake Malawi (Conteras et al., 2000), and in Lazio-Abruzzo (Cowie and Roberts, 2001).

Fault interaction is a key process in fault growth and the mechanism under which neighbouring 

faults interact is an important issue. Cowie (1998) explained the spatial and temporal variations 

in the growth rates of faults through a stress feedback mechanism operating in the seismogenic 

upper crust. This mechanism is based on the concept of stress triggering of earthquakes (Stein et 

a l, 1992), whereas a seismic rupture of a fault perturbs the surrounding stress field, advancing 

the occurrence of future earthquakes on some faults that are optimally oriented and located, 

while relaxing stress on others which are not (King et a l, 1994). The coulomb failure criterion 

has been used to define the conditions for this stress change. The contours of positive and 

negative changes are calculated using an elastic dislocation model (King et a l, 1994; 

Hodgkinson et al., 1996). In the case of normal faults, the pattern is approximately symmetric

54



a )  C A SE 1 : Early linkage 

Map

Map

X_t X

Strike-section

I
g $
I I

sÜ
o

"Under-displaced"

dm ax

recovery 

linkage

L2 Fault 
length

b)
Map

X-

Map

X-

C A SE 2: Late linkage

X

X

Strike-section

IBM IBM

c0)
E

$
I I

sÜ
o

"Over-displaced"

dm ax

linkage 

 interaction

L1 L2 Fault 
length

Figure 2.5 Summary diagram of sub-basin coalescence due to growth by linkage for an array 

of three fault segments. Two fault growth cases are described, a) Early hnkage case: linkage 

precedes interaction and displacement profile re-adjustment. A broad basin develops on top of 

small sub-basins and the rate of subsidence increases until the pre-linkage D/L ratio is re

established. b) Late linkage case: pre-linkage interaction causes the displacement profile 

along the central segment to re-adjust without significant length change. Persistent intrabasin 

highs (IBH) develop which laterally confine the developing sub-basins. The central sub-basin 

temporarily experiences higher rates of subsidence due to fault interaction. Eventually, 

displacement localises on to one basin bounding-fault surface, the intrabasin highs become 

inactive and the rate of subsidence returns to its pre-interaction rate (After Cowie et al., 2000).
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and regions of increased (positive) stress change are located along strike, whereas regions of 

decreased (negative) stress change extend transverse to the ruptured fault (Fig. 2.6a). Depending 

on the position of a fault in a fault array, some faults grow rapidly exhibiting high displacement 

rates even during the early stages of deformation because they experience strong positive stress 

feedback, while other faults experience low displacement rates because they fall within a 

shadow zone (Fig. 2.6b). The healing reloading feedback mechanism provides an explanation 

for higher growth rates along the central portion of fault arrays, because the central segments of 

an interacting fault array are reloaded more often and consequently experience more frequent 

earthquakes and higher slip-rates compare to distal segments (Cowie, 1998).

There are four distinct stages in fault array evolution (Fig. 2.7, Cowie et al., 2000). The first 

stage of early rift initiation is characterised by the nucléation of numerous widely distributed 

isolated faults that grow dominantly by bilateral tip line propagation. In the second stage of 

mid-rift initiation isolated faults continue to nucleate and propagate, but as the population of 

small faults increases, interactions between adjacent segments become progressively more 

important, leading to the onset of linkage events. As linkage progresses, the development of 

stress shadows in the footwall and hangingwall of larger structures leads to minor faults in these 

areas becoming inactive. The third stage of late rift initiation is dominated by stronger 

interaction and subsequent linkage of faults that nucleated during the previous stages, leading to 

progressive localisation of fault activity. At the same time there is a dramatic decrease in the 

rate of nucléation of new faults and an increase in the number of faults becoming inactive as 

they become encompassed within areas of stress shadows cast by larger faults. Finally, the last 

stage of rift initiation is characterised by the development of a fully linked fault array with 

deformation and displacement accumulation largely localised on a through-going fault system 

(Cowie et al., 2000).

Another interesting feature emerging for these fault growth and interaction processes is that 

higher fault slip-rates and rapid basin deepening can be the result of fault elastic interaction, 

without invoking a change in regional extension rates (Gupta et al., 1998, Roberts et al., 2002). 

Roberts and Michetti (in press) collected deformation and finite throw data in Lazio-Abruzzo 

central Italy and found strong evidence for fault interaction processes. In particular, they 

showed that 16 active faults form a 155 km long soft linked fault array that behaves as one large 

fault. They found a six fold increase on the slip-rates and three fold increase in finite throws 

between the central and distal faults and they also demonstrated that progressively steeper finite 

throw and throw-rate gradients are observed approaching the centre of the array, where 

interaction is stronger (Roberts and Michetti, in press). The whole array has a D/L ratio 

significantly lower that the D/L ratio of the distal faults, implying that the whole array is
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Figure 2.6 a) Sketch showing the Coulomb stress change on optimally orientated faults due to 

slip on a dipping normal fault. In the case of normal faults the pattern is approximately 

symmetric and regions of increased (positive) Coulomb failure function change are located 

along strike, whereas regions of decreased (negative) Coulomb failure function change extend 

transverse to the rupture fault (modified from King et al, 1994; Hodgkinson et al., 1996). b) 

Illustration of the healing-reloading feedback mechanism effect on four faults. Whenever 

faults B and C rupture the stress on fault A increases, therefore fault A experiences strong 

positive stress feedback and ruptures more frequently and consequently slips rapidly. 

Whenever fault A ruptures, the stress on fault D decreases (D lies in the so-called “stress 

shadow” of fault A), therefore fault B experiences negative stress feedback and it ruptures 

less frequently. (After Cowie, 1998).
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Figure 2.7 Tectonostratigraphic model showing the four stages of fault array evolution. (After 

Cowie et al., 2000).
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underdisplaced. Additionally, Roberts and Michetti (in press) compared the measured finite 

throws and throws that would have developed if present day throw-rates were allowed to run 

since the fault initiation age and found that the time elapsed since the interaction onset and the 

development of higher throw-rates on centrally located faults is relatively short (-0.7 Ma). 

Thus, higher fault slip-rates could be part of the fault growth process due to fault elastic 

interaction, without invoking a change in regional extension rates.

Roberts and Michetti (in press) collected deformation rate data from postglacial offset glacial 

features by visually determining the heights of post-glacial scarps. In Chapter 4 an updated and 

more accurate measurement of throw-rates, through the construction of scarp profiles, is offered 

and the interaction process is tested again. Overall, the identification of fault interaction 

processes in the field requires systematic analysis of the variation in rate of slip and finite slip 

along strike a normal fault system. Such an analysis has been performed for the region of 

southern Apennines and is described extensively in Chapter 5 of the thesis.

2.6 AN EQUATION THAT PREDICTS SLIP-RATES AND IMPLICATIONS FOR 

SEISMIC HAZARDS

Cowie and Roberts (2001) examine the implications of fault interaction and growth by linkage 

for fault slip-rates and consequently for seismic hazard assessment. They show that based on 

fault scaling arguments (explained in Sections 2.4 and 2.5) the temporal and spatial slip-rate 

variations of individual faults that form part of a fault array can be quantified. As shown 

previously, a fault growing by linkage re-adjusts its displacement profile through time and re

establishes the displacement length ratio that existed prior to linkage. In order to produce a new 

profile shape along the linked array, the slip-rate must vary along strike (Cowie and Roberts,

2001); it is this spatial variation in slip-rate that is to some extent predictable given knowledge 

of the geometry of a fault array and the length of its constituent faults.

Fig. 2.8a explains this calculation (Cowie and Roberts, 2001). During the first stage faults grow 

in a self-similar way and propagate laterally, increasing both their length and their displacement. 

At this stage, throw and throw-rate values are uncorrelated with distance along the array and the 

displacement on each segment is given by d]= yLi. During the second stage, when faults achieve 

a certain size and are close to each other, they start to interact; their lateral propagation is 

restricted because their elastic strain fields overalp and the whole fault array behaves as one 

large fault (L2). The entire fault (L2) is now underdisplaced and it re-adjusts until the maximum 

displacement approaches a value d2 given by d2= YL2, self-similar with the original unlinked
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Figure 2.8 Growth and linkage of an idealised extensional fault array, a) Displacement 

profiles prior to interaction after displacement profile re-adjustment is complete, showing how 

fault scaling arguments imply that central fault must have an enhanced slip-rate relative to 

distal faults (SB=segment boundary) (After Cowie and Roberts, 2001). b) Displacement as a 

function of time on the central faults shown in (a), showing the enhanced rate of growth as 

interaction and linkage proceed. Time 1 refers to the period prior to significant interaction. 

Time 2 refers to the time period over which the slip-rates vary along the fault array (After 

Cowie and Roberts, 2001). c) Graph showing how earthquake recurrence intervals (R) differ 

for faults with different throw-rates assuming all slip occurs with a given earthquake 

magnitude. (After Roberts and Michetti, in press).
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For each fault the throw-rates during Time 2 are enhanced by 2RI/LI = E, (where E is the 
enhancement factor) normalised to the rate on a fault of known throw-rate (e.g. Fault B), RI 
= distance from fault centre to nearest end of the array, and LI = fault length

So, the throw-rates (TR) are:

A) E = 20/20 = 1 ; Normalised enhancement = 1/3; TR = 2 x 1/3 = 0.66 mm/yr

B) E = 60/20 = 3; Normalised enhancement = 3/3; TR = 2 x 3/3 = 2 mm/yr

0) E = 100/20 = 5; Normalised enhancement = 5/3; TR = 2 x 5/3 = 3.33 mm/yr

D) E = 60/20 = 3; Normalised enhancement = 3/3; TR = 2 x 3/3 = 2 mm/yr

E) E = 20/20 = 1 ; Normalised enhancement = 1/3; TR = 2 x 1/3 = 0.66 mm/yr

Data for faults A-E at Time 1 Data for overall fault array at Time 2

d = 0.6 km; L = 20 km 

so, d = 0.03 L

d = 3 km; L = 100 km 

so, d = 0.03L

Data for fault B prior to Interaction

throw-rate = 2 mm/yr

Figure 2.9 An example showing how slip-rates can be predicted based on the equation 

proposed by Cowie and Roberts (2001). a) Fault growth model for a soft-linked fault system 

consisting of five faults. The throw-rates must increase towards the centre of the array simply 

because the fault array (d2=7 L2) is self-similar with the individual faults (di-yL,) and the fault 

array develops through interaction between individual faults, b) Predicted growth rates for the 

five faults in (a). The relative throw-rate enhancement factors have been normalised to a 

hypothetical measured value for fault B. c) and d) show the data and calculations used in (b). 

(After Roberts et al., in press).
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segments, as implied from fault scaling arguments (Fig. 2.8a). As a result, a fault located in the 

centre of the array (di = yL,) that link/interacts with others to form a longer system (d2 = YL2 for 

the whole fault system) will grow in a non-self-similar fashion in order for its throw to achieve 

d%, with throw-rates that are enhanced relative to more distal faults (Fig. 2.8b). Therefore, if the 

slip-rate on the distal segments is u, the slip-rate on the central segment must be u (L2/L1) (Fig. 

2.8b). This is important because centrally located faults will exhibit higher throw-rates, will 

rupture more frequently and thus will have shorter recurrence intervals than distal faults 

(Roberts and Michetti, in press), assuming all slip occurs with a given earthquake frequency- 

magnitude relationship for all faults (Fig. 2.8c).

Cowie and Roberts (2001) suggest that the variation in slip-rates on faults in an interacting 

array, which has a triangular throw profile, can be modelled by calculating the enhancement 

factor E= 2Ri/Li, where Li is the length of the i-th fault segment and Ri is the distance between 

the segment midpoint and the nearest tip of the overall array. This relationship relates the rate of 

slip for the individual faults to: i) their position along the length of a long fault, and ii) the ratio 

between their length and that of the overall array (Roberts et al., in press). A value for the slip- 

rate at one point along the fault system is sufficient with this method to calculate actual rates on 

all the segments. Figure 2.9 illustrates such an example using a hypothetical measured value for 

fault B. To summarise, the input data are the fault system length, the length of each of the faults 

comprising the whole array, and a single well-defined slip-rate measurement.

In conclusion, Cowie and Roberts (2001) propose that in addition to direct field measurements, 

independent constraints on fault slip-rates can be derived from considering how faults grow 

over their entire lifetimes. This method can also validate whether measured values extracted 

from field studies and their fault patterns are realistic or not (e.g. Roberts et al., in press). In the 

thesis, this equation is used twice, once in Lazio-Abruzzo, (Chapter 4) and once in the southern 

Apennines (Chapter 5) to derive fault throw-rate data and validate measured values. These data 

are also compared with measured throw-rate data extracted from field studies and published 

rates and have also been used as input data for the construction of seismic hazard maps (Chapter 

7 and Chapter 9).
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CHAPTER 3 EXISTING SEISMIC HAZARD M APS AND THE ROLE OF 

GEOLOGICAL DATA

3.1 INTRODUCTION

The rate at which a fault slips fundamentally determines the seismic hazard as average 

earthquake recurrence intervals tend to decrease as values for the slip-rate increase (Fig. 2.8c, 

Cowie and Roberts, 2001). In this Chapter I review existing seismic hazard mapping methods 

and highlight the fact that they do not take the above into account. This chapter is divided into 

three sections. Section 3.2 presents a review on seismic hazard assessment with particular 

emphasis placed on the way existing seismic hazard maps are constructed. Section 3.3 describes 

how geological data can improve our knowledge of earthquakes, quantifying the seismic hazard 

and describes methodologies for extracting deformation rates for the study area in the 

Apennines. Finally, Section 3.4 offers a discussion on seismic shaking, attenuation relationships 

and describes how surface geology impacts on the damage distribution.

3.2 SEISMIC HAZARD MAPS

This section introduces the way existing seismic hazard maps are constructed and what are their 

main disadvantages, so as to allow a comparison with an alternative approach in seismic hazard 

assessment followed in this study. Section 3.2.1 describes how seismic hazard maps are 

constructed and presents their achievements, whereas Section 3.2.2 presents their main 

disadvantages. Section 3.3.3 offers a discussion on the existing models of earthquake 

occurrence and the frequency-magnitude relationships, including the G-R (Gutenberg-Richter), 

the characteristic seismic cycle concept and their implications on probabilistic seismic hazard 

assessment.

3.2.1 A REVIEW OF EXISTING SEISMIC HAZARD MAPS

Traditional seismic hazard assessment is divided into two different approaches: i) the 

deterministic approach, and ii) the probabilistic approach which is the commonest. An 

earthquake hazard assessment is deterministic when it specifies a particular earthquake or level 

of ground shaking in terms of single-valued parameters such as magnitude, location or peak 

ground acceleration, but without specifying how likely this particular event might be (Yeats et
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al., 1997). The estimation of maximum earthquake magnitudes is accomplished: i) through 

reference to the historical and instrumental record of earthquakes, ii) from physical parameters, 

particularly fault length and fault segmentation, and iii) from paleoseismicity concerning pre

historic events. Three basic elements are involved in the deterministic approach: i) definition of 

the earthquake source; b) estimation of a Maximum Credible Earthquake (Reiter, 1990); and c) 

formulation of a relationship describing hazard at the given site based on the earthquake size 

and the source to site distance (e.g. Hu et al., 1996). The maximum magnitude can be estimated 

from one of the empirical relationships between fault parameters and earthquake magnitude 

such as fault length-magnitude or fault slip magnitude, or a combination of them. It provides 

single outcomes and it is based on the worst case scenario. The hazard is expressed in 

qualitative terms as high, medium and low, showing the variation in intensity of a hazard from 

one location to another (Bell, 1999). This approach offers a clear and trackable method of 

computing seismic hazard whose assumptions and elements are easily discerned, providing 

understandable scenarios to the end users (Reiter, 1990). However, this approach is problematic 

in regions of diffuse seismicity, where earthquakes cannot be correlated to a particular seismic 

source. In addition, it tends to disregard the frequency of earthquake occurrence and can lead to 

the mistaken assumption that there is no uncertainty (Reiter, 1990).

In probabilistic assessment, numerical probabilities are assigned to earthquake occurrences and 

their effects during a specific time period such as the life of a given engineered structure (Yeats 

et al., 1997). The results of probabilistic seismic hazard analysis are usually expressed in the 

form of maps of different levels of ground motion (intensity, acceleration) at a given level of 

probability, based on a combination of the earthquake frequency-magnitude distribution, ground 

motion attenuation data, and local site conditions (Main, 1996).

The general procedure followed in probabilistic seismic hazard analysis includes the individual 

steps of seismic zoning, estimating the recurrence, and fitting a local attenuation law to the 

ground motion in order to calculate an annual probability of exceedance of a particular level of 

ground motion (Reiter, 1990). The primary probabilistic tool for projecting future events is the 

seismicity record (Yeats et al., 1997). The methodology was first defined by Cornell (1968) and 

involves four steps (Fig. 3.1).

(1) Earthquake sources are delineated as points, faults or area seismic zones areas. The area 

source is the most common model used. These areas represent a geographical region of some 

geological, tectonic and seismological similarity, within which earthquake characteristics are 

assumed to be uniform (Algermissen et al., 1982). (2) determination of the frequency-magnitude 

relationship based on the historical record. Therefore, each of the sources is assigned a
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analysis (After Reiter, 1990).
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recurrence curve on the basis of recorded seismicity with an estimated upper bound earthquake 

(Yeats et al., 1997). (3) estimation of earthquake effect, that is similar to the deterministic 

procedure except that the range of earthquake size considered requires a family of earthquake 

attenuation or ground motion curves (Reiter, 1990). At this step the attenuation curves are 

constructed and are then used to estimate intensities and peak accelerations as a function of 

magnitude and distance (Yeats et al., 1997). In places where a good history of intensity or 

ground acceleration recording exists, determination of regional attenuation relationships which 

depict the local geotectonic and source to site wave propagation condition, are likely to be more 

representative than worldwide attenuation relationships (Algermissen et al., 1982). (4) results of 

the previous two stages are mathematically combined to give one curve, showing the probability 

of exceedance of given levels of peak acceleration at a site, during a specified time period 

(Yeats et al., 1997). In other words, in this procedure the effects of all the earthquakes of 

different sizes, occurring at different locations, in different earthquake source zones, at different 

probabilities of occurrence, are integrated into one curve that shows the probability of 

exceeding different levels of ground motion (Reiter, 1990). Probabilistic algorithms are used to 

determine the hazard (Algermissen et al., 1982). The most conunon algorithm is the Poisson 

model (Campel, 1968), which implies that earthquakes are events that occur randomly in time. 

An example of such a probabilistic seismic hazard map is the seismic hazard map of Italy 

released by a government civil service institution (Fig. 3.2a). This map shows intensities that 

have a 90% probability of not being exceeded in a certain time period (e.g. 50 years), derived 

from the historical record (GNDT-SSN, 2001).

The frequency-magnitude relationship that defines the earthquake recurrence is the basis of the 

probabilistic seismic hazard analysis. This relationship is obtained by regression analysis of the 

earthquake data. The b value is the slope of the regression line that describes the relative 

frequency of different magnitudes, and indicates the relative number of large and small 

earthquakes in such way that a low b value represents a shallow slope, implying a relatively 

higher proportion of large earthquakes than a high b value (Reiter, 1990). However, the use of 

the historical record introduces uncertainties and errors in the exact earthquake locations. The 

ability to locate earthquakes accurately was improved by the World Wide Standard 

Seismograph Network (WWSSN) since 1962, indicating that high quality earthquake data exists 

for less than 50 yrs (Bolt, 1999). Prior to this event localities could be tens of kilometres from 

their assumed sites (e.g. Boschi et al., 1999). Additionally, the inclusion of foreshocks and 

aftershocks in the earthquake catalogue is contrary to the independence assumption proposed by 

the Poisson model and thus, these events should be removed from the data set, thus introducing 

another source of uncertainty (Bender and Perkins, 1993). Finally, the definition and selection

66



I-MCS

I— l< V

TyrhenniarKSea

MCS intensiity with a 10% probability of 
exceed ance in 50 years (475-year return period)

Figure 3.2 a) Seismic hazard map of Italy derived from historical earthquake record (After 

GNDT-SSN, 2001). This map shows intensities that have a 90% probability of not being 

exceeded in a certain time period (e.g. 50 years) assuming a 475-year return period. White 

boxes show the areas where seismic hazard maps were constructed during this study (Chapter 

7 and Chapter 9), whereas the dash white circle shows the Pollino range seismic gap. The 

Pollino range constitutes the only sector of the normal fault system, from Umbria to Sicily, 

where strong earthquakes have not been recorded. Thus, according to this hazard map the 

Pollino range has a lower hazard than neighboring areas like Irpinia and Calabria. However, 

palaeoseismological studies demonstrate the occurrence of surface faulting events in the 

Pollino “gap” even during historical times (see also Chapter 5 for an extensive discussion), b) 

Seismotectonic model of Italy; numbers indicate the seismogenic source zones. (After 

Scandone, 1997).
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of seismic source boundaries (e.g. Fig. 3.2b) is subjective and depends strongly on expert 

judgement (Reiter, 1990; Bender and Perkins, 1993; Colburn and Spence, 2002).

With the above approach, the only geological input is the specification of the sources; no 

information is used regarding the degree of fault activity (i.e. slip-rate), except that inferred 

from the seismological record (Yeats et al., 1997). Furthermore no account is taken of when the 

last major earthquake occurred on any of the specified sources, involving a randomisation of the 

observed seismicity not only in time, but also in space (McGuire, 1993). The end product is the 

peak horizontal ground accelerations or intensities that have a 90% probability of not being 

exceeded in a certain time period (e.g. Fig. 3.2). Such maps are the bases of the regional seismic 

zoning maps (Italy, Slejko et al., 1998; California USA Petersen et al., 1997; New Zealand, 

Stirling et al., 2002).

Probabilistic seismic hazard analysis is capable of absorbing and integrating a wide range of 

information and judgement and their associated uncertainties into a flexible framework, but its 

highly quantitative nature can lead to false impressions of accuracy, and there is also a loss of 

transparency so that the factors that influence the hazard cannot be traced easily (Reiter, 1990).

3.2.2 DISADVANTAGES OF EXISTING SEISMIC HAZARD MAPS

In the previous section it was shown that knowledge of the seismicity of a region is based on the 

records of past earthquakes retrieved from instrumental (seismometers) or historical data 

(chronicles concerning the remote past). These documents constitute the catalogues of 

earthquakes and they are used for mapping the seismic risk. Thus, seismic hazard maps in their 

simplest and commonest form are representations of the past historic and instrumentally 

recorded seismicity of a region (e.g. Scholz, 2002; e.g. see also how Figures 3.3 and 3.2 are 

correlated). Moreover, these records, and thus most seismic hazard maps, do not explicitly 

incorporate active faults as discrete earthquake sources (e.g. Stirling et al., 2002). The data are 

usually presented as maps of intensity distributions over stated time periods (e.g. Fig. 3.2a). The 

main assumptions are that: i) seismicity in the near-future will follow the same pattern as past 

activity; ii) past seismicity is representative of the long-term slip-rate variations in one given 

seismic zone (e.g. McGuire, 1993; Scholz, 2002), and iii) that the seismic activity is uniformly 

distributed in time so that the probability does not vary in time (Reiter, 1990).
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(1998). Blue circle shows the Pollino seismic gap.
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The above methods of constructing seismic hazard maps suffer from 5 major disadvantages. In 

particular:

(1) They have an incompleteness and an inhomogeneity of geographical and temporal coverage 

in terms of the seismic record. This is because historic catalogues are generally too short (from 

100 to 2000 yr depending on the country) compared to the recurrence interval of particular 

faults (ranging from a few hundred years to tens of thousands of years) (Yeats and Prentice, 

1996; Goes, 1996; Machette, 2000). For example, the earthquake history for the San Fransisco 

Bay is regarded as complete for M>5.5 only since 1850 (Bacun, 1999), whereas Rikitake (1991) 

pointed out that a complete catalogue of historical earthquakes in the Tokyo area exists since 

1603 and the historical record in New Zealand dates from 1840, when European settlement 

began (Stirling et al., 2002). On the other hand, fault recurrence intervals range from a few 

hundred years to tens of thousands of years (e.g. Yeats et al., 1997). Consequently, several 

faults will not be represented in the historical earthquake record and therefore will be absent 

from the seismic hazard maps. There are numerous examples that verify this incompleteness. 

The Ms=7.3 Borah Peak, Idaho, earthquake in 1983 which produced about 36 km of surface 

rupture constitutes one of them. Before 1983, this region was generally considered to be 

aseismic, even though prominent late Pleistocene and Holocene fault scarps provide evidence 

that many large prehistoric earthquakes have affected the area in the past (Crone and Haller, 

1991). Similar examples exist in Greece, Italy and Japan, despite the fact that Greece and Italy 

have some of the longest and best-constrained historical catalogues worldwide. Specifically, the 

damaging earthquakes in Kozani-Grevena Greece 1995 (Ms=6.6) (e.g. Ambraseys, 1999), 

Belice, Italy, 1968 (Ms=5.9) (Michetti et al., 1995a) and on the island of Sakhalin, north of 

Japan 1995 (M=7.6) (Bolt, 1999) occurred in regions characterized as very low seismic risk or 

aseismic, according to the historical earthquake records and existing hazard maps, despite the 

fact that geologic data indicate repeated Late Pleistocene-Holocene slip, but with long (10  ̂yrs) 

recurrence intervals. Even though some of the regions described above were re-assessed as areas 

of higher risk following these earthquakes (e.g. E.P.P.O., 1995; DPC-PCM, 1998; E.P.P.O.- 

A.C.E.G., 2001) searches through historical and instrumental earthquake catalogues remain the 

main data source for seismic hazard assessment in neighbouring regions. It may be that other 

incomplete earthquake records exist and it is argued that these will only be noticed following 

future earthquakes, or preferably after studies of geological data concerning active faulting (e.g. 

the Pollino region in southern Italy where no large magnitude historical earthquakes are known 

(see Figures 3.2 and 3.3), but palaeoseismological studies demonstrate the occurrence of surface 

faulting events; Cinti et al., 1997; Michetti et al., 1997; Michetti et al. 2000a; see also Chapter 

5). In the Pollino region (southern Italy), the new seismic zonation ignores the direct geological
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evidence for strong earthquakes in the area (Michetti et al., 1997; Cinti et al., 1997; Michetti et 

al., 2000a).

(2) They assume that seismicity per unit time is maintained for different time periods, contrary 

to evidence from geologically determined slip-rates. The assumption is that the same pattern of 

seismic activity observed through the historical catalogues in the past, will be valid in the future. 

However, slip-rates and average recurrence intervals have been proven to be variable over short 

time-intervals, because earthquake events are often clustered in time and clusters can be 

separated by relatively long periods of low activity (Sieh et al., 1989; Marco et al., 1996; Xu 

and Deng, 1996; Benedetti et al., 2002). If a perceived area of low instrumental/historical 

seismicity is simply a quiescent interval, then the region sooner or later will enter a period of 

relatively clustered earthquakes. In that case, the potential seismic hazard is very high.

(3) They lack spatial resolution. Spatial resolution depends on the data input. When source data 

are poor, the spatial resolution is low. Generally, historical catalogues are short, so they provide 

a limited number of events and as a result they offer a low spatial resolution map. Indeed, low 

seismicity regions (e.g. central Europe), or regions of very short historical catalogues (e.g. New 

Zealand) can not provide high spatial resolution maps.

(4) They fail to consider the influence of bedrock geology on the intensity distribution because 

most hazard maps incorporate only one specified site condition. However, older [San Francisco 

1906, (Reid 1910)] and recent events [Mexico city 1985 (Singh et al., 1988), Spitak Armenia 

1988 (Hadjian, 1993), Loma Prieta USA 1989 (Bell, 1999), Pyrgos, Greece 1993 (Lekkas, 

1996), Kobe Japan 1995 (Esper and Tachibanac, 1998), Aigion, Greece 1995 (Lekkas et.al., 

1996), Athens 1999 (Papanikolaou et al., 1999)] have shown that areas of severe damage are 

highly localised and that the degree of damage can change abruptly over short distances (Bell, 

1999). These differences are frequently due to changes in local geology or soil condition (Bell, 

1999). A more detail discussion concerning the link between surface geology and hazard pattern 

is offered in Section 3.4.

(5) They can give erroneous pictures of the present day hazard. A low seismicity zone on such a 

map, representing low hazard, may delineate a seismic gap (i.e. a gap that an impeding 

earthquake will cover ) and actually be a place of high present and future hazard (Scholz, 2002). 

On the other hand, a region that has recently experienced a damaging earthquake, and hence is 

represented as high hazard on a map, actually may be a region of low hazard in the near future 

because it is now at an early stage in a new seismic cycle (Scholz, 2002) or is an area of low 

fault slip-rate. There is consequently a lack of identification of a time datum upon which to base
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the hazard estimation. Therefore, these maps fail to incorporate the most basic physics of the 

earthquake cycle, according to which - following a major earthquake - another earthquake on 

the same fault segment is unlikely until sufficient time has elapsed for stress to gradually re- 

accumulate (e.g. Ogata, 1999; Ellsworth et al., 1999; USGS, 1999; Stein, 2002).

In an attempt to mitigate the effects of incomplete data coverage, the frequency-magnitude 

relation (Gutenberg and Richer, 1944; 1954) has been used. This relation may be determined by 

recording small earthquakes in a region and then extrapolating them to calculate the recurrence 

time of potentially damaging earthquakes of larger magnitude (Reiter, 1990; Scholz, 2002). This 

method has often been used to estimate hazard at regions with no record of destructive 

earthquakes.

However, this method does not improve the lack of data since:

i) the historical and instrumental records that this method utilizes, are too short to 

define the repeat time of the largest earthquakes, hence the shape of the magnitude-frequency 

distribution cannot be defined confidently at the largest magnitude (e.g. Wesnousky 1994);

ii) large potentially damaging earthquakes belong to a different fractal set than small 

earthquakes, and cannot be predicted accurately with this extrapolation (Scholz, 1990, see 

following Section 3.2.3);

iii) there may be areas where the G-R relationship is not applicable, as the seismicity is 

described by the characteristic earthquake model, implying that characteristic events dominate 

earthquake recurrence, resulting in nonlinear frequency-magnitude relationships (Schwartz and 

Coppersmith, 1984; Wesnousky. 1994; 1999, see following Section 3.2.3);

iv) near-fault seismicity may not necessarily be a reliable indicator of potentially 

hazardous normal faults and the 1983 Ms=7.3 Borah Peak, Idaho, earthquake, which produced 

about 36 km of surface rupture, is a well known example that demonstrates this viewpoint 

(Crone and Haller, 1991). In the two decades prior to the 1983 Borah Peak earthquake there 

were no earthquakes of magnitude 3.5 or greater, within 25 km of the main shock (Dewey, 

1987). Similarly, in the two months before the mainshock, there were no foreshocks of 

magnitude 2 or greater, within 50 km of the epicentre (Richins et al., 1987). Even though the 

region was generally aseismic before 1983, prominent late Pleistocene and Holocene fault 

scarps are evidence that many large prehistorical surface faulting earthquakes have affected the 

area in the past (Crone and Haller, 1991).

Speidel and Mattson (1997) suggest that the G-R relationship is still used because: i) political 

demands require something for probabilistic seismic hazard analysis; ii) it is a variable that is
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easy to deal with; and iii) no persuasive alternative has come forward. However, the fact that 

laws and regulations may require such extrapolation adds a political requirement without 

resolving the scientific one (Speidel and Mattson, 1997). In the following Section, a short 

discussion is offered on earthquake occurrence models, the G-R relationship, the characteristic 

earthquakes and their impact on probabilistic seismic hazard assessment.

3.2.3 EARTHQUAKE OCCURRENCE, THE GUTENBERG-RICHTER RELATIONSHIP 

AND CHARACTERISTIC EARTHQUAKES

Earthquake frequency-magnitude statistics imply a power law scaling through the G-R law for 

earthquake recurrence (Gutenberg and Richter, 1954) and this relationship could be interpreted 

with a fractal model (Aki, 1981). Earthquake populations have some properties that are 

strikingly similar to those of self-organized critical phenomena such as power law scaling in the 

frequency-size distribution and the parallel property of having stress drops that are small in 

comparison with the regional tectonic stress field (Main, 1996; Geller et al., 1997). According 

to Main (1996) a plausible scientific justification now exists for the fundamental assumption of 

stationarity in the earthquake process. In this conceptual model the Earth' s lithosphere first 

evolves spontaneously to a critical state and then remains there, apart from discrete fluctuations 

represented by individual earthquakes. The brittle crust is therefore maintained over long 

timescales in a stationary, but metastable state of long-term balance between continuous 

tectonic energy supply and intermittent demand from earthquakes (Main, 1996). In this 

stationary state, the average properties of the system remain relatively constant in time, so that 

past occurrence can be used to predict the future seismic hazard with confidence. Additionally, 

Main (1996) suggest that earthquakes are most likely the result of an avalanche rather than a 

completely random Poisson process and the maximum credible magnitude can be constrained 

using a more general equation than the Gutenberg-Richter law.

On the other hand. Sornette et al. (1996) point out that there is no theoretical basis for the power 

law. They state that the distribution that holds for small earthquakes can not be extended to 

infinity, because it would require an infinitely large release of energy. As an alternative, they 

suggest that several populations exist, one at small and medium and the other at high. According 

to Sammis and Sornette (2002), great earthquakes are themselves critical points (i.e., the 

culmination of a nonstationary precursory activity accelerating up to the critical point) and thus, 

a large earthquake is only possible when the crust has reached a critical state. In the self

organised criticality view, all events belong to the same global population and participate in 

shaping the self-organised critical state. By contrast, in the critical point view, a great
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earthquake plays a very special role and signals the end of a cycle on its fault network, implying 

that the dynamical organization is not statistically stationary, but evolves as the great earthquake 

becomes more probable (Sammis and Sornette, 2002).

Theoretical and numerical models suggest a wide variety of recurrence scenarios from 

characteristic events where the larger events occur at fairly regular intervals (e.g. Rice and Ben 

Zion, 1996), to models in which the seismicity is chaotic with no clearly defined characteristic 

event size or recurrence time (Narkounskaia and Turcotte, 1992; Shearer, 1999). A typical 

example is the spring-block slider model applied by Rundle and Klein (1993) under different 

initial and boundary conditions, which showed that even though all exhibit fractal scaling over a 

finite range, not all classes show evidence of true self-organized criticality. For example, when 

the material heterogeneity is strong, the largest earthquakes never cross the entire area of the 

model fault surface, and the probability of occurrence of the largest events is reduced in 

comparison with an extrapolation of the Gutenberg-Richter trend. Such systems are not strict 

examples of self-organized criticality because they are sensitive to external conditions and they 

are characterised as subcritical models (Main, 1996). For weaker heterogeneity, with 

intermediate driving velocities, the behaviour is both precisely critical and insensitive to the 

precise value of V (plate velocity); scaling properties of the system are power law right up to the 

largest events with exponents that are relatively insensitive to the degree of external forcing 

(Rundle and Klein, 1993). For even higher velocities and weak heterogeneity, a "supercritical" 

state may occur with an elevated probability of occurrence of large "characteristic" events 

(Rundle and Klein, 1993). Other numerical models involving rate-dependent, velocity- 

weakening friction introduce a characteristic length scale to the problem at higher magnitude, 

resulting in an elevated probability of occurrence of the large magnitudes compared with the 

Gutenberg-Richter trend (Shaw, 1993).

Paleoseismic observations imply that the largest earthquakes recur with their own characteristic 

pattern independent of the rate of smaller earthquakes (Cramer and Comberg, 2001). The 

characteristic earthquake model is based on the assumption that the distribution of slip 

associated with the characteristic event along a fault segment is repeated in successive events 

(Schwartz and Coppersmith, 1984). The characteristic earthquake model implies a non linear 

earthquake frequency magnitude relationship that is dominated by the characteristic event and 

that has a low b value in the moderate-magnitude range (Fig. 3.4, Schwartz and Coppersmith, 

1984). A linear extrapolation of the recurrence curve from the smaller magnitudes assuming a 

constant b value, leads to underestimates in the frequency of large earthquakes (Fig. 3.4, 

Schwartz and Coppersmith, 1984). Moreover, the concept of seismic cycle itself implies that: 

(1) each fault segment is isolated from its surroundings; (2) elastic strain in the lithosphere is

74



100

10

slope, b

1.0

seismicity
data

0.1

slope, b'

Geologic
data

0.01

2 3 4 5 6 7 8
M agnitude, M

Figure 3.4 Diagrammatic cumulative frequency-magnitude recurrence relationship for an 

individual fault or fault segment. Above magnitude M', a low b' value is required to reconcile 

the small-magnitude recurrence with geologic recurrence, which is represented by the box. 

The characteristic earthquake model implies a non-linear earthquake frequency magnitude 

relationship that is dominated by the characteristic event and that has a low b value in the 

moderate-magnitude range. A linear extrapolation of the recurrence curve from the smaller 

magnitudes assuming a constant b value, leads to underestimates in the frequency of large 

earthquakes (After Schwartz and Coppersmith, 1984).
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Figure 3.5 Diagram illustrating the cumulative size distribution of earthquakes for: a) a single 

fault or plate boundary segment, and b) a large region containing many faults or plate 

boundary segments. W* is the down dip width of the seismogenic thickness and Lf is the 

length of the fault or fault segment so that Lf>W*. Small and large earthquakes obey different 

scaling laws, both characterised by power laws with different exponents. The characteristic 

dimension W* divides these two populations (After Scholz, 1997).
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related to the plate motion, and (3) strain release is simply related to earthquakes of 

characteristic magnitude (e.g. Evison, 2001). A Gutenberg-Richter relation on a regional scale 

could derive from the sum of the seismicity along many faults, each of which may show a 

characteristic earthquake relation (Wesnousky, 1994; 1999).

There is an ongoing debate concerning the characteristic earthquake distribution even on 

statistical grounds with workers arguing against (Kagan and Jackson, 1991; Kagan, 1993) and 

workers arguing in its favour (Lomnitz-Adler, 1988; Ward, 1992). For small earthquakes it is 

relatively easy to test statistical models of earthquake occurrence since lengthy catalogues of 

events are available. However, larger earthquakes occur much less frequently. Therefore it is 

difficult to evaluate the characteristic hypothesis using modem seismicity catalogues (e.g. 

Shearer, 1999). In summary, although it is generally agreed that most seismically active regions 

exhibit populations of small to moderate earthquakes that obey the G-R relationship (e.g. Sieh, 

1996), there is a debate for large earthquakes.

Indeed, the G-R relatioship is found to apply only within a finite scale range, both in model and 

natural seismicity (Main, 1996). Small and large earthquakes obey different scaling laws, both 

characterised by power laws with different exponents (Fig. 3.5, Scholz, 1997). In particular, 

large events will be expected to occur much more frequently than expected from the 

extrapolation of the small event size distribution, implying that the seismic hazard will be 

greatly underestimated by such an extrapolation (Fig. 3.5, Scholz, 1997). Small earthquakes are 

those with a rupture dimension L< W*, where W* is the down dip width of the seismogenic 

thickness and scale according to Me=aL^. Large earthquakes are those with a rupture dimension 

L > W*, are geometrically different because they propagate in one dimension rather than two 

and they scale according to Me= aW*L^ (Scholz, 1982; Shimazaki, 1986). This is because when 

the rupture is smaller than W* it can grow in all directions in the tectonic plane, but when it 

reaches the dimension of W* it can grow further only in the along strike direction (Scholz, 

1995). As a result, the characteristic dimension W* divides these two populations (Scholz, 

1995). Indirectly, this provides further evidence for characteristic earthquake behaviour on 

individual fault segments (Sibson, 1989).

Walsh et al. (2003) suggest that the scaling properties of the characteristic earthquake model are 

very similar to those of the later stages of growth of a natural fault system. In Section 2.5 it was 

shown that as the fault system evolves through time, resulting in the development of a through 

going localised fault (e.g. Fig. 2.7, Cowie et al., 2000). Walsh et al, (in 2003) suggest that the 

consequences of strain localisation for the evolution of fault populations are that the active 

population of faults will become scale-bound at larger scales, with through-going faults

76



Chapter 3

continuing to grow at the expense of smaller, less well connected faults. The scaling properties 

of the active fault population will therefore progressively change from power-law through to 

non-power law (Walsh et al., 2003). This evolution of the active fault population is equivalent 

to an evolution from a Gutenberg-Richter power-law population to a characteristic earthquake 

type population, in which the geometric moment of the fault population occurs overwhelmingly 

on a single or a small number of large structures (Meyer et al., 2002). In conclusion, earthquake 

populations within tectonically active terrains may therefore show scaling properties that evolve 

from Gutenberg-Richter through to characteristic earthquake behaviour with increasing maturity 

of the system, a feature that has direct implications for earthquake hazard assessment (Walsh et 

al., 2003).

Finally, when concerned with practical implementation of seismic hazard analysis, the 

"Characteristic earthquake distribution" appears to be more realistic (Wesnousky, 1994) and 

much more representative of the seismicity of an individual fault than the G-R relationship 

(Yeats et al., 1997). The common approach in this case is described by Youngs and 

Coppersmith (1985) who separated fault seismicity into characteristic events with magnitudes 

distributed around a central value and smaller earthquakes following a G-R magnitude size 

distribution.

In conclusion, the subjects of earthquake occurrence and frequency-magnitude distribution as 

well as the theoretical basis behind them are still controversial and this has important practical 

implications for seismic hazard analysis. The G-R relationship and the Poisson process which 

form the basis of the probabilistic seismic hazard analysis described in Section 3.2.1, is the 

commonest approach in seismic hazard assessment, in particular when assessing large regions 

that incorporate several active faults whose traces are often unknown. However, in regions 

where there is a large amount of paleoseismic data and the fault patterns are relatively well 

known the characteristic earthquake distribution and the seismic cycle concept are preferred, 

involving wherever possible the application of time dependent probabilities (e.g. WGCEP, 

1990; USGS 1999). In chapter 10, both the time independent Poisson model and the time- 

dependent probability model based on the seismic cycle concept are analysed in more detail, 

before using them to calculate Poisson and conditional probabilities for the regions of central 

and southern Apennines.

77



Chapter 3

3.3 THE ROLE OF GEOLOGICAL DATA

It is generally agreed that geological data can offer a more reliable means of identifying 

potentially hazardous faults than seismogenic data (e.g. 1983 Borah Peak earthquake. Crone and 

Haller, 1991). However, geological data are mainly used to provide a qualitative assessment of 

seismic risk within an area (e.g. Bell, 1999). Faults are the cumulative result of many 

earthquakes, and the long-term prediction of future earthquakes can therefore be achieved 

through the study of the cumulative patterns of slip on active faults. Thus, geological data under 

certain circumstances, which are related to the individual geological and geomorphological 

processes of each area, can provide additionally a quantitative assessment through the 

measuring of deformation rates. Deformation rates can be extracted from dated geologic and/or 

geomorphic indicators offset by faults (see Section 3.3.2). These indicators can offer long time 

periods that encompass several earthquake cycles. As a result, they eliminate both the 

incompleteness as well as the temporal clustering problems, emerging from incomplete 

historical seismicity datasets (this is explained below).

The main problem concerning seismic gaps arising from instrumental/historical catalogues was 

addressed in Section 3.2.2 (disadvantage (1). Briefly, the main question is whether a seismic 

gap on a seismicity map that is based on instrumental/historical data, could represent;

• An area of genuinely low long-term seismicity, leading to a correct low hazard 

interpretation;

• A poor or incomplete historical record. In that case, the region has experienced large 

earthquakes in the past, but they have not been recorded within the catalogues because 

the catalogues were either too short or incomplete. Hence, the time elapsed since the 

last event, exceeds the duration of historic catalogues. This should be interpreted as a 

region of present and future hazard, because the region could probably have entered at 

the late stage of the seismic cycle. However, without knowledge of the long-term rate 

this scenario is difficult to differentiate from the first.

• An area characterised by temporal clustering followed by a long recurrence interval. 

Earthquake events are often clustered in time and clusters can be separated by 

relatively long periods of low activity (Sieh et al., 1989). If a perceived seismic gap 

coincides with a quiescent interval, then the region sooner or later will enter a period 

of earthquake clustering. In that case the potential hazard is very high. Under the 

circumstances, historical or sometimes even paleoseismological data from trenching 

investigations are inadequate, since they provide a short time scale picture of
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individual events over periods of a few thousand years (up to 6 ka). Again without a 

long-term seismicity record this scenario is difficult to differentiate from the previous 

two.

In a case such as that described above, geological data have the potential to extend the history of 

slip on a fault back many thousands of years, a time span that generally encompasses a large 

number of earthquake cycles (Yeats and Prentice, 1996), and thus elucidates the long-term 

pattern of fault-slip. As a result, it is argued here that geological fault slip-rate data averaged 

over time periods which include numerous seismic cycles constitute one of the critical tools 

required to assess seismic hazard in an area and the following Section 3.3.1 reviews methods for 

collecting such data.

In addition, geologic fault slip-rate data offer a more complete spatial coverage, providing 

higher spatial resolution than traditional seismic hazard maps based on historical/instrumental 

records. In the case of land-use planning or insurance risk evaluation, a higher spatial resolution 

is desirable. In Chapters 7 and 9 a new type of seismic hazard map based only on geological 

fault throw-rate data is presented, incorporating all aforementioned advantages that geological 

data can offer.

In conclusion, given the limitations of the historical record, the typical recurrence of large 

earthquakes and the clustering effects, the geologic record is our only source of information to 

characterise the long-term temporal behaviour of seismogenic faults (e.g. Crone, 1987a).

3.3.1 FAULT SLIP-RATES AND RECURRENCE INTERVALS

Normal faults produce a record of vertical motion that can be traced both morphologically and 

geologically. Due to the latter, the extraction of slip-rates often becomes feasible. However, 

there is a debate what fault slip-rates actually signify (e.g. Cowie and Roberts, 2001). One 

viewpoint considers that geologic rates tend to overestimate the hazards because geologic 

features record not only the coseismic but also both the aseismic and postseismic slip (Crone, 

1987b). The other viewpoint suggests that geologic rates tend to underestimate the hazards 

because localised folding and ductile deformation in unconsolidated sediments adjacent to fault 

zones can lead to erroneously low estimates of the total slip (Crone, 1987b).
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The slip or displacement is the total movement on one side of a fault relative to that on the other 

side of the fault plane, measured parallel to the slip vector. Throw is the vertical component of 

the motion and heave is the horizontal component of the motion. The slip-rate on a fault is 

defined as the ratio of slip to the time interval over which that slip occurred. Thus, the slip-rate 

of a fault that has moved Im during a time interval of 1000 years is 1 mm/yr. Slip-rates 

throughout this thesis are given in millimetres per year (mm/yr).

The average recurrence interval on a particular fault is defined as the average time between 

earthquakes. Long-term average slip-rates can be easily translated into average recurrence 

intervals for earthquake of a given slip mangitude (see also Table 3.1). Slip-rates and average 

recurrence interval may be variable over short time intervals because earthquake events are 

often clustered in time and clusters can be separated by relatively long periods of low activity 

(see Section 3.2.2). Nonlinear friction laws, fault inhomogeneities and interaction between 

different faults are plausible causes of such earthquake recurrence complexity (Yeats and 

Prentice, 1996).

T able 3.1 Classification of tectonic earthquakes (after Scholz, 2002)

Type Slip-rate in mm/yr Recurrence time in years

I. Interplate V > 10 -  100

II. Intraplate, plate boundary related 0.1<v<10 100 - 10000

III. Intraplate, midplate V < 0.1 >10000

Fault slip-rates and recurrence intervals are highly dependent on the tectonic environment. For 

example, plate boundary active faults tend to produce interplate earthquakes, which have very 

short recurrence intervals (Table 3.1). Although the seismic hazard tends to be higher at the 

edges of the tectonic plates, it is not zero elsewhere because plates are not completely rigid 

bodies. In particular, intra-continental deformation often involves significant stretching or 

shortening of the lithosphere, and the pattern of shallow seismicity is often more diffuse in back 

arc provinces in such regions (Main, 1996). In this thesis, all studied faults generate intraplate, 

but plate boundary related earthquakes according to the classification proposed by Scholz 

(2002) and presented in Table 3.1. These earthquakes occur in broad zones near plate 

boundaries or in diffuse plate boundaries. One important reason for this classification is that 

intraplate Type II earthquakes (see Table 3.1) have stress drops that are systematically higher by 

a factor of 3 than for interplate earthquakes (Scholz, 2002). This could be related to time- 

dependent fault healing, so that the stress drop is simply a function of recurrence time. For
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example, Nadeau and McEvilly, (1999) based on studies of repeating earthquakes on the San 

Andreas fault, show that stress drop increases with recurrence time.

3.3.2 METHODS OF EXTRACTING DEFORMATION-RATES

Palaeoseismology is the study of ground effects from past earthquakes as preserved in the 

stratigraphie and geomorphic record. Through an integration of Quaternary geology, seismology 

and tectonic information, paleoseismic research provides data and criteria for quantifying the 

rates of ongoing tectonic and seismic activity in a region. This section provides a short 

description of the most widely used techniques for measuring deformation rates, which have 

been used by several workers in the regions of central and southern Apennines.

a) Trench studies

Trench sites are carefully chosen based on preliminary geological, geophysical and 

geomorphological information. An appropriate trench site locality should have low erosion rates 

and continuous sedimentation on both sides on the fault (e.g. Pantosti et al., 1996). Trenches 

excavated perpendicular to the fault trace allow the vertical and in some cases the horizontal 

component of displacement to be measured, whereas trenches dug parallel to the strike of the 

fault can evaluate any horizontal component of displacement (e.g. Keller and Pinter, 2002). 

Palaeoseismological trench site data include radiometric dates for soils that are offset by faults 

and hence derivation of fault throw-rates and/or slip-rates are feasible. Published trenching data 

has been widely used during this study (Chapters 4 and 5). They usually provide deformation 

rates over a timescale of a few thousand of years.

b) Profiles on range-bounding fault scarps of displaced post-glacial (post-18ka) or other 

sediments of known age

It is common for co-seismic slip associated with large earthquakes to affect the surface by 

producing distinctive dislocation features known as fault scarps (e.g. Stewart and Hancock, 

1990). When these scarps displace postglacial sediments or other features of known age, 

quantitative deformation data can be extracted through the construction of topographic profiles 

measured perpendicular to the trace of the scarp. The vertical offset of the dated surfaces 

corresponds to the total throw of the fault that has been accumulated since the time it formed. 

Additionally, the study of fault scarps provides information not only about the temporal, but 

also about the spatial distribution of large earthquakes through construction of topographic 

profiles along the strike of a scarp. Scarp profiling has been widely used in this study and the 

methodology is described in detail in Chapter 4 (Section 4.3.1.1). Later in this section a
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discussion is offered comparing trench studies and scarp profiles and how each method 

contributes to seismic hazard assessment in a different way. These profiles usually provide 

deformation rates over a timescale of a few tens of thousands of years.

c) Uplifted marine terraces

Deformation rates can be extracted from Quaternary marine terraces or wave-cut platforms 

found at elevations higher than present sea level, indicating geologically recent tectonic uplift. 

After mapping their exact altitude, and considering the effect of eustatic sea level change, it is 

possible to obtain uplift rates by dating such sediments (e.g. dating in corals e.g.

Bloom et al., 1974) or correlating them with known age morphological features (e.g. Armijo et 

al. 1996; Morewood and Roberts, 1999). Near-shore erosion of a coastal hillslope, particularly 

by breaking waves, produces a wave-cut marine abrasion platform, which slopes seaward about 

1°, and sea cliffs (Yeats et al., 1997). A sea cliff and marine platform are cut at a time when the 

tectonic uplift rate and the rate of eustatic sea-level rise are about the same, so that sea level 

appears to be stationary. This point is reached just before an eustatic sea-level maximum 

(highstand) and just after a sea level minimum (lowstand) (Yeats et al., 1997). Thus, the only 

horizontal reference to sea level on an uplifted marine terrace is the mapped trace of 

palaeoshoreline positions at the most landward extent of the terrace. Marine terraces usually 

provide deformation rates over a timescale of a few hundred of thousands of years.

d) Geodetic techniques

There are ground-based techniques (triangulation, trilatération and leveling) as well as space 

based techniques such as GPS (Global Positioning Systems, which is the most extensively 

utilised space-based geodetic technology), SRI (Satellite Radar Interferometry), and SLR 

(Satellite Laser Ranging). Most geodetic studies rely on a network of stations between which 

the relative rates of movement can be measured. The difference between the older and newer 

surveys is a measure of the crustal deformation in the time between the two surveys (e.g. Yeats, 

et al., 1997). Therefore repeated geodetic surveys can detect the directions and rates at which 

active faults move. A common technique is the use of triangulation networks that were 

established in the 1880s and are resurveyed today (e.g. Billiris et al., 1991; Hunstad and 

England, 1999), consisting of a number of stations located either side of the deforming region. 

The stations form a pattern of interlocking polygons so that the position of each point is known 

relative to every other (Keller and Pinter, 2002). Geodetic techniques provide deformation rates 

over a timescale of a few years up to 100-120 years.

Several other methods for extracting deformation rates are reported in the literature such as 

cosmogenic isotope dating on exposed bedrock scarps (e.g. Zreda and Noller, 1998), coastal
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notches (e.g. Stewart, 1996), or 3D seismic reflection data (e.g. Conteras et al., 2000; McLeod 

et al., 2000), but they are not reviewed in the thesis because at present they have not been used 

to extract deformation rates in the central and southern Apennines.

In this thesis, deformation rate data are based on scarp profiles constructed during this study as 

well as published trench site studies. Herein, it is argued that each method (scarp profiling and 

trenching) provides different types of data and contributes to seismic hazard assessment from a 

different perspective.

Fault trenching studies usually provide information concerning both the slip per-earthquake and 

the dates of previous events, which are useful for earthquake probabilistic calculations (e.g. 

U.S.G.S., 1999). Thus, they are an extremely useful source of data. However, large earthquakes 

sometimes produce complex, widespread surface rupture patterns that the trench site may not 

completely intersect (Machette et al., 1991). In such cases the displacement will be 

underestimated. Also, the limited depth range encountered in a shallow trench (generally < c. 5 

metres) restricts the study of ancient earthquakes to a limited span of geological time (Morey 

and Schuster, 1999) that may be misleading if the recurrence intervals of slip events show large 

variations through time (Machette et al., 1991). Thus, if clustering is significant and return 

periods are in the order of a few hundreds to thousands of years, then fault slip-rates averaged 

on a time scale of a few thousand years, such as that derived from trench sites, may not be 

representative of the longer term slip-rate. Under such circumstances, palaeoseismological data 

from trenching investigations may be inadequate to express the long-term seismic behaviour 

since they provide a short time scale picture of individual events over periods of a few thousand 

years. Data on the long-term history of fault displacement accumulation are required. Hence, 

fault slip-rate studies should, therefore, encompass a time interval that includes as many 

earthquake cycles as possible in order to constrain long-term seismic hazards (Machette, 2000). 

Moreover, in the case of a trench, the derived rate is constrained at just one point along the 

scarp. This can lead to different slip-rates being proposed for the same fault if trench sites are 

chosen at different positions relative to the point of maximum displacement on that fault (Cowie 

and Roberts, 2001). Finally, trenching in a region such as central Italy with the objective of 

having numerous trenches on every active fault in order to define the slip-rate variation along 

each fault, although under way, will take many years to complete.

In contrast, analysis of tectonic landform through scarp profiling, once calibrated, (1) can 

provide information about fault slip-rate at much broader spatial and temporal scales; (2) has the

83



Chapter 3

advantage of covering very long profiles as opposed to the restricted view from a trench 

(Arrowsmith et al., 1996); and (3) can be achieved in shorter time periods than trenching. In 

particular, scarp profiling provides a record of slip over the age period defined by the age of the 

offset feature, which, if chosen carefully, can include a large number of seismic cycles. In such 

cases, scarp profiles may be unsatisfactory as far as the temporal resolution and the recognition 

of separate events is concerned, but they suffer less from the problems associated with temporal 

earthquake clustering. The temporal resolution of scarp profiles can potentially be improved by 

the application of cosmogenic isotope studies (e.g. Zreda and Noller, 1998; Gran Mitchell et al., 

2001; Benedetti et al., 2002).

In this thesis (Chapters 4 and 5), long-term (latest Pleistocene to Holocene) deformation rates 

are derived for the central and southern Apennines of Italy, a region that is experiencing active 

crustal extension, using structural geology investigations and fault scarp profiling calibrated by 

paleoseismic evidence.

3.4 SURFACE GEOLOGY AND SEISMIC SHAKING

Seismic shaking is usually expressed in terms of macroseismic intensity or peak ground 

acceleration. These two parameters of ground motion are used as an index for seismic hazard 

zonation maps (Hu et al., 1996). The use of macroseismic intensity as a seismic hazard 

parameter predominates internationally, and more than 60% of countries have hazard 

assessment exclusively expressed in terms of intensity (McGuire, 1993). Intensity is a measure 

of earthquake damage. Isoseismals are lines that separate different intensity values and represent 

the macroseismic information obtained by the quantification of the effects and damage 

produced by an earthquake (e.g. Table 3.2). On the other hand, the peak ground acceleration is 

the maximum value of acceleration of the ground itself reached at any instant during the ground 

motion and it is introduced for civil and construction engineering purposes (Cobum and Spence, 

2002). However, the peak ground acceleration does not consider the effect on damage of the 

duration of the strong-ground motion (Cobum and Spence, 2002). Therefore, although peak 

acceleration values are important for engineering purposes, they can be a poor guide to the 

shaking and damage expected pattem, partly because the overall damage may be more closely 

correlated to the total duration of the strong-motion than to any particular peak on the record 

(Bolt, 1999). Another problem associated with peak acceleration is the issue of non-linearity 

which is a phenomenon that allows for changes in soil properties and therefore in soil response 

as the level of ground motion increases (Reiter, 1990). Trifunac and Lee (1992) have shown that 

the average peak acceleration tends to increase slightly from sites on sediments to basement
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Table 3.2
Description of the effects used in the modified Mercalli earthquake intensity scale (Wood and 

Neumann, 1931; Alexander, 1993) and the earthquake loss susceptibility data for different 

construction types (Degg, 1992) for those intensity values (VII-X) reported in this thesis.

Grade Effects Construction type Average 
damage (%)

VII Everybody runs outdoors. 

Damage negligible in buildings of 

good design and construction; 

slight to moderate in well-built 

ordinary structures; considerable 

in poorly-built or badly designed 

structures; some chimneys 

broken. Noticed by people driving 

motorcars.

Adobe

Non seismic design unreinforced 
masonry

Reinforced concrete frames 
non seismic design

Reinforced concrete frames 
seismic design

Shear wall structures seismic design

Wooden structures Seismic design

Steel frames seismic design

Reinforced masonry 
high quality seismic design

22

14

11

2.3

2.8

1.5

VIII Damage is slight in specially 

designed structures; considerable 

in ordinary buildings, great in 

poorly built structures. Panel 

walls thrown out of frame 

structures. Fall of chimneys, 

factory stacks, columns, 

monuments, walls. Heavy 

furniture overturned. Sand and 

mud ejected from the ground in 

small amounts. Earthquake 

disturbs people who are driving 

motorcars.

Adobe

Non seismic design Unreinforced 
masonry

Reinforced concrete frames non 
seismic design

Reinforced concrete frames seismic 
design

Shear wall structures seismic design

Wooden structures Seismic design

Steel frames seismic design

Reinforced masonry high quality 
seismic design

50

40

33

13

IX Damage considerable in specially 

designed structures; well designed 

frame structures thrown out of 

plumb; damage great in 

substantial buildings with partial 

collapse. Buildings shifted off

Adobe

Non seismic design Unreinforced 
masonry______________________
Reinforced concrete frames 
non seismic design________
Reinforced concrete frames 
seismic design____________
Shear wall structures seismic design

100

80

70

33

17
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their foundations. Ground cracks 

conspicuously. Underground 

pipes are broken.

Wooden structures Seismic design 15

Steel frames seismic design 20

Reinforced masonry 
high quality seismic design

13

X Some well-built wooden 

structures are destroyed; most 

masonry and frame structures 

destroyed including their 

foundations; ground badly 

cracked. Rails bend. Landslides 

considerable in the vicinity of 

river banks and steep slopes. Sand 

and mud deposits are shifted.

Adobe 100

Non seismic design Unreinforced 
masonry

100

Reinforced concrete frames 
non seismic design

100

Reinforced concrete frames 
seismic design

58

Shear wall structures seismic design 30

Wooden structures Seismic design 23

Steel frames seismic design 40

Reinforced masonry 
high quality seismic design

25

Table 3.3
Distribution of the magnitude values for each intensity class in the Mediterranean region 

(Modified from D ’Amico et al. 1999).

Intensity Number of 

events

Lower

Magnitude

Upper

M agnitude

Mean 

Magnitude (Ms)

VIII 161 5.0 5.9 5.4

VIII-IX 20 5.7 6.3 6.0

IX 53 5.8 6.7 6.2

IX-X 5 6.3 6.9 6.5

X 18 6.0 7.0 6.6

Table 3.4
Average changes in intensity associated with different types of surface geology (proposed from 

Munich Re Group, Degg 1992)

Subsoil Average change in intensity

Rock (e.g. granite, gneiss, basalt) -1

Firm sediments 0

Loose sediments (e.g. sand, alluvial deposits) +l

W et sediments, artificially filled ground 4-1.5
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rock sites for intensities less than VII. But for VII and higher intensities, this trend is reversed 

with higher velocities and peak displacements on sediment sites. In addition, recent earthquake 

studies have demonstrated non-linear behaviour under certain circumstances (Bersenev and 

Wen, 1997). Field et al. (1997) show that ground motion amplification due to sediments for the 

main shock of the 1994 Northridge earthquake was up to a factor of two less than the 

amplification observed for its aftershocks. These observations bring into question the use of 

measurements of weak ground motion to predict the strong ground motion at sedimentary sites 

(Field et al., 1997). In summary, not only strong-motion acceleration records are very complex 

to be integrated to different categories, but also acceleration itself has little meaning unless 

frequency is also available (Bell, 1999).

Throughout this thesis all hazard maps use intensity values. This occurs for several reasons such 

as: i) in case of seismic risk management and earthquake loss estimation seismic intensity is 

preferred due to its direct representation of earthquake damage (Cobum and Spence, 2002); ii) 

peak acceleration is introduced for constmction engineering purposes and is a more complex 

parameter that requires an in-depth knowledge of earthquake engineering that is beyond the 

scope of this study; iii) the historical record (e.g. Boschi et al., 1999) and the attenuation laws 

for large earthquakes in Italy are expressed in intensity values (e.g. Grandori et al., 1991); iv) 

the fact that surface geology can be correlated with intensity, so that seismic intensity 

increments can be obtained for different geological units (see Table 3.4), whereas no similar 

reliable correlation exists for the peak ground acceleration.

Correlating earthquake intensity with peak acceleration is a very difficult task and this was 

recognized early on (Hu et al., 1996). For example, Hershberger (1956) was one of the first who 

provided a relationship between intensity and peak acceleration and at the same time concluded 

that the scatter is too great to permit the assumption of any definite quantitative correlation of 

intensity and peak acceleration alone (Hu et al., 1996). Overall, it is clear that for one intensity, 

the peak acceleration may vary by nearly ten times when magnitude varies (Hu et al., 1996).

In order to define the seismic hazard at a given site it is necessary to know the expected 

intensity for a given earthquake magnitude. Relationships between earthquake magnitude and 

intensity distribution are based on the statistical elaboration of historical and instmmental data 

However, there is a large variation in the data. For example in Italy, a Ms=6.6 event can 

produce an epicentral intensity IX (e.g. Cosenza 1830) or an epicentral intensity X (e.g. 

Bisignano 1887), or significantly lower magnitude events like the 1836 Ms=5.9 event in 

Rossano, or the 1997 Ms=6 Umbria-Marche event can produce epicentral intensity IX-X (or 

IX+) (Maugeri et al., 1993; Mohammadioun and Serva, 2001). A question arises on the
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reliability of the magnitude interpretation of the past non-instrumental recorded events that are 

based on intensity estimates, but a similar picture is also evident for recent events. Indeed, this 

variation is also true of recent normal faulting events in the region of Greece. Although the 1981 

Corinth earthquake Ms=6.7 produced epicentral intensity IX and the 1995 Kozani-Grevena 

Ms=6.6 event produced intensity IX-X, the 1978 Ms=6.5 Thessaloniki earthquake produced an 

epicentral intensity VIII-IX and the 1986 Ms=6.2 Kalamata earthquake produced epicentral 

intensity X (Theodulidis and Papazachos, 1992; Chatzipetros et al., 1998). Finally, this variation 

is portrayed in an empirical magnitude-intensity database compiled by D'Amico et al. (1999), 

which is presented in Table 3.3. This database is extracted from instrumental catalogues ranging 

from 1880 to 1980, covering the whole Mediterranean region.

Another factor that must be considered in the plotting of seismic hazard maps is the attenuation 

or decrease in average intensity of shaking with distance from the earthquake source (Bolt, 

1999). Attenuation curves are simple empirical relationships that give the largest amplitudes as 

a function of earthquake magnitude or epicentral intensity and distance from the fault or the 

epicentre (e.g. Alexander, 1993). Following Table 3.3, and the discussion in the previous 

paragraph, on average, a M=6.5 earthquake is expected to produce an epicentral intensity IX or 

X (or IX+). However, the exact value of the epicentral intensity is crucial for the determination 

of the area affected around the epicentre and the attenuation relationships. Indeed, historical 

data of macroseismic intensity versus epicentral distance published by Grandori et al. (1991), 

covering the whole Apennines in Italy, show that earthquakes with epicentral intensity IX have 

a mean radius of 6 km for the intensity IX isoseismal, whereas earthquakes with epicentral 

intensity X have a mean radius of 10 km for the X isoseismal and a mean radius of 20-21 km for 

the isoseismal IX. Similar values have also been reported for other regions such as the Sino- 

Korean craton (Lee and Kim, 2002 calculate mean radius values for isoseismal IX of 7 and 22 

km for epicentral intensities IX and X respectively), indicating that there is at least some 

consistency concerning intensity-attenuation relationships worldwide.

Observations of major past earthquakes have highlighted the role played by superficial 

geological formations in amplifying and increasing the duration of ground motion (e.g. see 

Section 3.2.2 and disadvantage (4) for several examples). It has been known and verified after 

the 1906 San Francisco earthquake that sediments can amplify earthquake ground motion 

relative to bedrock (Field et al., 1997). Soils are less dense and rigid compared to basement 

rocks so that their physical restraints on ground accelerations are limited so that ground motions 

in soil are enhanced in both amplitude and duration, compared to those recorded in rock, 

resulting in greater damage (Bolt, 1999). In particular, loosely packed, artificially filled ground, 

saturated sands and silts tend to lose all strength and behave like fluids during strong
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earthquakes producing liquefaction (e.g. Bell, 1999). Areas with a shallow water table, wet 

sediments or artificially filled ground are susceptible of liquefaction.

Even though the major difference between soil and rock is well known, there is still much 

uncertainty about the actual values that should be used for different site geologic conditions 

(Reiter, 1990). Unfortunately no simple correlation between damage patterns and surface 

geology has been established.

Seismic intensity increments can be obtained for different ground conditions by comparing the 

specific intensity changes for these different types of ground (Bell, 1999). The first table of 

intensity increments for the basic ground categories was established by Reid (1910), after the 

1906 San Francisco earthquake and then followed by Medvedev (1965). A similar table of 

intensity increments emerges from Evemden and Tomson (1985) based on the Geologic map of 

California (e.g. Granite 0, Mesozoic Sedimentary rocks 0.8, Oligocene-Middle Pliocene 

sedimentary rocks 1.5, Pliocene- Pleistocene rocks 2.0 and Quaternary sedimentary deposits 

such as Alluvium 3.0). All these tables agree on the basic concepts according to which the 

relative intensity increases for the younger (Tertiary and Quaternary) and less consolidated 

sedimentary rocks, with respect to the harder granitic, metamorphic or Mesozoic sedimentary 

rocks. A more recent series of intensity increments has been proposed by the Munich 

Reinsurance Company (Degg, 1992). According to their table (Table 3.4), the reference 

standard for ground conditions are firm unconsolidated sediments rather than granite or 

metamorphic rocks.

The most basic breakdown of geological categories used in intensity estimation, uses the 

general geologic categories of i) alluvium, ii) soft rock, and iii) hard rock, which correlate with 

terms in strong ground motion attenuation equations (Petersen et al., 1997). Park and Elrick 

(1998) correlate age units shown on geological maps for southern California with the common 

site condition terms (hard rock, soft rock and alluvium) so that Quaternary units are alluvium. 

Tertiary are soft rocks and Mesozoic are hard rocks. However, there is a significant variability 

within these categories and particularly within Tertiary sedimentary rocks and Quaternary 

deposits (e.g. Wills et al., 2000). Therefore, some recent attempts have been made to try and 

distinguish more categories in areas where a large, dense database of velocities exist (e.g. 

Wills et al., 2000). is the shear wave velocity over the upper 30 m, which is the typical 

depth of borings constructed for engineering site investigations (Wald and Mori, 2000). This 

new categorization is proposed, because it has been found that shear wave velocity averaged 

over the upper 30 m, is a major influence on ground motion (Borcherdt et al., 1991; Borcherdt 

and Glassmoyer, 1994; Wald and Mori, 2000).
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Additionally there are many other factors affecting the intensity distribution, such as the 

mechanism and depth of the seismic rupture, the directivity phenomenon of the rupture, basin 

effects, the influence of the propagation path and the topographic relief (e.g. Gazetas et al., 

1990; Field et al., 2000). The damage adjacent to fault ruptures caused by sliding and slumping 

of the ground varies according to the fault type (Bolt, 1999). In dip slip faulting the scarp 

produced may spread the damage (by local ground sliding, cracking and slumping) over a 

relatively wide zone along the fault itself. However, with strike slip faulting, the zone of ground 

disturbance is usually much less wide and buildings just a few meters away from the rupture 

may not be damaged by it (Bolt, 1999). Directivity occurs because the fault rupture is a moving 

source travelling along a fault at a finite rupture velocity producing a long-duration uni

directional pulse. So those sites located in the direction of the propagating rupture will 

experience more shaking (Reiter, 1990). For example, in Loma Prieta the rupture proceeded 

bilaterally from its point of initiation. If the rupture had a unilateral propagation the duration of 

shaking would have been increased by at least 50 percent causing substantially greater damage 

in the propagation direction (Borcherdt, 1992). Directivity effects also become significant when 

the speed of rupture propagation approaches that of radiated seismic waves (e.g. Marone, 2000). 

Quaternary thickness and/or depth to basement rock are known to be controlling factors of the 

ground motion (Rogers et al., 1985). Several studies have noted a correlation between the 

degree of amplification and basin depth so that the deepest basin sites have the greatest ground 

motion levels (Field et al., 2000). For example, Lee and Anderson (2000) found that relative to 

zero-depth, the deepest basin sites are amplified by factors of 1.5 to 1.8 for the peak ground 

acceleration. Also severe ground shaking could result from constructive interference or focusing 

caused by the subsurface basin structure (Graves et al., 1998). Propagation path relates to the 

condition of the medium in which the seismic waves propagate, since internal friction, 

background high temperatures and in homogeneities along the travel path can lead to high 

absorption resulting to lower shaking levels (Reiter, 1990). Additionally, the topographic relief 

is another factor that affects the intensity distribution, producing higher intensities in areas of 

morphologic discontinuities such as the top of the hills or near canyon edges (Reiter, 1990; 

Lekkas, 2001). All these factors vary from source to source, path to path and from site to site 

introducing large scattering in numerical values of ground motion (Hu et al., 1996). Moreover, 

some of these factors are "highly interdependent" making it difficult to separate near surface 

effects from deeper basin effects (Field et al., 2000).

Most of these factors are not accurately known (Hu et al., 1996), some of them are inherently 

unpredictable, and in most times their effect is overshadowed by the effect produced by the 

bedrock geology. Therefore, these factors have not been examined during this study, but it is
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acknowledged that under certain circumstances they can influence the hazard pattem in a 

significant way.
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CHAPTER 4 - FAULT SCARPS AND DEFORM ATION RATES IN LAZIO- 

ABRUZZO, CENTRAL APENNINES

4.1 AN OVERVIEW OF LAZIO-ABRUZZO, CENTRAL APENNINES

The region of central Apennines is characterised by a large number of active normal faults, 

which are responsible for large destructive surface faulting earthquakes as implied by the 

historical record (e.g. Oddone, 1915; Blumetti, 1995) and paleoseismic trenching investigations 

(e.g. Michetti et al., 1996; Pantosti et al., 1996). This region has attracted a lot of scientific 

interest in terms of active faulting and seismic hazards and a considerable amount of published 

deformation rate data are available (Section 4.1.2). In this Chapter, a detailed fault-by-fault 

description is offered (Section 4.3.1.2) with emphasis placed on the collection of deformation 

rate data for Lazio-Abruzzo, central Italy, updating an existing dataset presented by Roberts and 

Michetti (in press). These deformation rate data are then compared with other published rates to 

conclude whether throw-rate values extracted from different sources and techniques for the 

same faults are in agreement or not (Section 4.3.1.2.17).

Overall, the aims and the objectives of this chapter are: i) to update an existing fault throw-rate 

database compiled by Roberts and Michetti (in press) through the construction of scarp profiles 

(Table 4.3), ii) to calculate throw-rate values from the equation presented by Cowie and Roberts 

(2001) and compare them with the measured throw-rate values (Section 4.3.2), iii) to analyse 

how throw-rates, vary spatially along strike the fault array and test if the updated data is in 

agreement with the findings of Roberts and Michetti (in press) (Section 4.3.1.3), v) to provide 

an estimate of the extension rate and its spatial along-strike variation (Section 4.3.1.4), vi) to 

compare geological rates extracted in this study with GPS rates (4.3.1.4.2), testing whether a 6 

year period geodetic data can be extrapolated to 10̂ -10"̂  yrs timescales (4.3.1.4.3).

4.1.1 GEOLOGICAL AND TECTONIC SETTING

The Apenninic belt is part of the Alpine orogenic system and is the result of the subduction of 

Tethyan ocean crust and collision between African origin continental fragments and the 

European plate (e.g. Boccaletti et al., 1971; Doglioni, 1993). During the Upper Miocene-Lower 

Pliocene (Fig. 4.1 ai), extension and accretion of new oceanic crust occurred in the Tyrrhenian 

Sea west of Italy (Doglioni, 1991; Lucente et al., 1999). Active subduction of the Ionian sea 

beneath Calabria was occurring at the same time (Fig. 4.1 ai), followed by a progressive
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eastward migration of the compression fronts (Malinverno and Ryan, 1986; Faccenna et al., 

1996; Lucente et al., 1999). By the late-middle Pliocene shortening ceased in the Tyrrhenian 

part of central and southern Italy (e.g. Patacca et al., 1990) and extension began in the 

Apennines (Cavinato and De Celles, 1999). The dynamics of extension are influenced by both 

the slab pull exerted by the subducting lithosphere and the consequent trench retreat and body 

forces stored in the Alpine-Apennines thickened crust (Jolivet et al., 1998). Today, on the basis 

of differential GPS velocities and seismicity, northwestern Adria has velocities indicative of 

little or no motion relative to Europe (~ 3 mm/yr around the Po Plain), whereas southeastern 

Adria (Southern Apennines and Sicily) exhibits northward velocities of ~ 10 mm/yr (Oldow et 

al., 2002). Processes relating to present day extension (Fig. 4.1aii) are attributed to either 

isostatic rebound associated with a detached lithosphere (Westaway, 1993), ongoing subcrustal 

processes involving a mantle convective flow that affects surficial structures (D' Agostino et al., 

2001a) or to subducted slab retreat processes (Malivemo and Ryan, 1986; Royden et al., 1987; 

Doglioni et al., 1996; Faccenna et al., 1996; Cavinato and Celles, 1999). Wortel and Spakman 

(2000), based on seismic tomography models, suggest that apart from some uncertainties in the 

northern Apennines, slab detachment in the central-southern Apeninnes and Calabria is 

complete. In particular in the Calabrian part they suggest that slab detachment occurred very 

recently, indicating a lateral southward migration of the slab detachment process. According to 

Wortel and Spakman (2000), this implies the termination of roll back in the Tyrrhenian region 

because there is no engine to drive the roll back. Consequently, in this region the Africa-Eurasia 

convergence becomes the principal lithospheric scale process (Wortel and Spakman, 2000).

Today the central and southern Apennines contain an 800 km long system of segmented normal 

faults capable of hosting M=5.5 to M=7 surface faulting earthquakes that accommodate the 

present-day extension (Fig. 4.1b). All M>6 events recorded during the last century in the 

Apennines show normal faulting and a NE-SW extension (Selvaggi et al., 1997). Accordingly, 

the seismicity is localised in a narrow 30 to 100 km wide belt along the Apennines (Westaway, 

1992; Selvaggi et al., 1997). Roberts and Michetti (in press) demonstrate pure dip slip faulting 

for localities at the centers of all the NW-SE trending faults in Lazio-Abruzzo, with a mean fault 

slip direction of 222° ± 4°. Overall, it is evident from fault-slip data, borehole breakout data and 

earthquake focal mechanisms (Anderson and Jackson, 1987; Amato et al., 1995; Amoruso et al., 

1998; Roberts and Michetti, in press) that extension in central Apennines occurs in a NE-SW 

direction.

During recent years much attention has been focused on coseismic surface faulting in Italy and 

several seismic rupturing events have been documented (Westaway and Jackson, 1984; Michetti 

et al., 1996; Benedetti et al., 1998; Cello et al., 1998; Michetti et al., 2000a; Vittori et al., 2000).
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Figure 4.1 a) Evolution of the Apenninic belt-Tyrrhenian basin system: i) At Upper Miocene- 

Lower Pliocene, active subduction of the Ionian sea beneath Calabria continued followed by a 

progressive eastward migration of the compression fronts. At the same time rifting was 

occurring in the Tyrrhenian basin, ii) At present-day extension. After Malinverno and Ryan 

(1986), Doglioni (1991), Faccenna et al., (1996), Jolivet et al. (1998), Lucente et al. (1999).
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Figure 4.1 b) Location map of the study area, c) Map of major active faults of Lazio-Abruzzo 

on a digital elevation model. LeF - Leonessa Fault; RF - Rieti Fault; SeCoF - Sella di Como 

Fault; FiF - Fiamignano Fault; BF - Barete Fault; AF - L' Aquila Fault; GIF - Campo 

Imperatore Fault; CaF - Carsoli Fault; ScF - Scurcola Fault; FuF - Fucino Fault; VF-Velino 

Fault, CFF- Campo Felice Fault, LF - Liri Fault; TF - Trassaco Fault; SuF - Sulmona Fault; 

PF - Pescasserolli Fault; CMF - Cinque-Miglia Fault; CaSF - Cassino South Fault. The 

numbers represent localities from where deformation rates were extracted during this study. 

Points B and C represent the end points of the NW-SE trending composite profile constructed 

in Figure 4.18. d) Polygon 2 represents the area where almost all the active elastic strain is 

accommodated across central Italy according to geodetic data presented by D’ Agostino et al. 

(2001b).
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Present day extension in the central Apennines occurs across active normal faults that mostly 

strike parallel to the mountain chain (Anderson and Jackson, 1987). In Lazio-Abruzzo these 

normal faults, although not hard-linked, are interacting forming a closely-spaced, soft-linked 

fault array (Cowie and Roberts, 2001; Roberts et al., 2002) (Fig. 4.1c). These faults are capable 

of generating strong earthquakes and exhibit spectacular post-glacial scarps from which throw- 

rates can be extracted through scarp profiling.

4.1.2 LITERATURE REVIEW ON DEFORMATION AND EXTENSION RATES

A considerable amount of published deformation rate data from paleoseismological 

investigations are available for the study area. Paleoseismological data include both trenching 

investigations and scarp profiling. Trenching investigations in the study area provide valuable 

information concerning the amount of slip and the date of the past 2 or 3 surface rupturing 

events (Giraudi and Frezzoti, 1995; Pantosti et al., 1996; Michetti et al., 1996; Galadini et al., 

1996; D'Addezio et al., 2001; Galli et al., 2002), from which throw-rates can be extracted and 

the completeness of the historical record can be tested (see the following Section 4.1.3 for more 

details). Additionally, throw-rates have been extracted from scarp profiles (Pantosti et al., 1996; 

Cello et al., 1997; Piccardi et al, 1999; Morewood and Roberts, 2000; Galadini and Galli, 

2000). In particular, fault scarps in Lazio-Abruzzo, displace post-glacial sediments and 

landforms associated with the last major glacial retreat (see following section 4.2 for an 

extensive description) that occurred in the region 18 kyrs ago (Giraudi, 1995; Giraudi and 

Frezzotti, 1997). The vertical offset of the glacial features corresponds to the total throw of the 

fault that has been accumulated since the end of the glaciation and can be extracted through the 

construction of scarp profiles. Moreover, throw-rate values have also been extracted from: i) 

postglacial offsets whose magnitudes have been estimated by eye (Westaway et al, 1989; 

Giraudi and Frezzoti, 1995; Cello et a l, 1997; Morewood and Roberts, 2000; Galadini and 

Galli, 2000; Roberts and Michetti, in press) and ii) displaced Pleistocene terraces or lake 

sediments (Michetti and Serva, 1991; Blummeti et a l, 1993; Vittori et a l, 1995a; Michetti et a l, 

1996, see also table 1 of Roberts and Michetti, in press).

In Table 4.1, all available throw-rate data extracted from the literature are summarized. In 

Section 4.3.1.2, where a fault-by-fault description is presented, throw-rates derived from the 

literature are discussed in more detail and compared with the rates extracted from this study in 

order to offer a complete picture of the deformation rate pattem. Finally, Roberts and Michetti 

(in press) evaluated throw-rates (their table 1) by visually determining the heights of post

glacial scarps and compiled a large throw-rate database (Table 4.2 displays the fault lengths and
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Table 4.1
Fault name Throw- Published from

Trasacco

rate
(mm/yr)
0.08-0.28 Galadini et al. 1996

Leonessa 0.1-0.4 Michetti and Serva 1991
0.3-0.35? Cello et al. 1997

Sulmona 0.1 Vittori et al.a 1995

0.5-0.66 Galadini and Galli 2000
Campo 0.88-1 Giraudi and Frezzoti
Imperatore 0.67-0.78 1995

0.68 Galli et al. 2002
L’ Aquila 0.33-0.43 Galadini and Galli 2000

Pescasseroli ~1 Westaway et al. 1989
Fiamignano 0.56 Morewood and Roberts

0.22 2000
Barete 0.25-0.43 Galadini and Galli 2000

Fucino main
0.47-0.86

1.6 Michetti et al. 1996
Fault

0.24-0.29 Galadini and Galli 1999
0.9 Piccardi et al. 1999

0.6-0.65 Pantosti et al. 1996
0.6 Morewood and Roberts

Fucino and 0.4<
2000 

Michetti et al. 1996
Parasano

Parasano 0.4-0.5 Galadini and Galli 1999

Notes

A trench study shows 7 Holocene displacement events suggesting that vertical slip-rates decrease from 
0.28 mm/yr (1 km NW from the Trasacco village) to 0.08 mm/yr towards the NW (7 km NW from 
Trasacco).
Long-term throw-rate extracted from uplifted Pleistocene terraces.
The authors have not calculated throw-rates, but from their topographic profile sketches, a ~6 m throw is 
evident (0.33 mm/yr).
Long-term throw-rate from displaced lake sediments a few km south of Popoli close to the northwestern 
tip of the fault.
Long-term minimum throw-rate based on the subsurface data of Cavinato and Miccadei (1995).
16-18 m high scarp in Venacquaro valley.
10-11 m high scarp in the Maone valley.
Minimum rate based on trenching and offset dated deposits towards the southeastern part of the fault.
Based on the vertical offset affecting Quaternary units as reported by the stratigraphie work of Bertini
and Bosi (1993).
Assumed that the 10 m offset in the youngest talus deposits, accumulated during the Holocene.
Estimate 10 m high postglacial scarp in the centre of the fault.
Estimate 4 m high postglacial scarps towards both its lateral tips.
Minimum throw-rate based on topographic profiles.
Minimum throw-rate based on an offset alluvial terrace.
Trenching investigations at the centre of the fault (San Benedetto del Marsi).

Minimum vertical slip-rate from trenching investigations near the village of Venere.
Scarp profile at S.Veneziano (6 km SE from the trench site of Galadini and Galli (1999) at Venere) 
crosses two scarps; total throw-rate 0.910.45 in 14 ka (0.710.35 averaged over 18 ka).
Topographic profiles near the Park Hotel, close to Ovindoli.
Scarp profiles at Campo Porcaro towards the NE end of the fault.

Correlate a Middle Pleistocene terrace on the footwall of the Parasano and Fucino faults at a max 
elevation of 870 m (as reported from Blumetti et al., 1993) with other dated deposits (500-700 ka) within 
the Fucino basin. Vertical offset since the Mid-Pleistocene exceeds 300 m, implying a long-tem throw- 
rate > 0.4 mm/yr.
1 km SE of Cerchio village, cumulative offset (7.5-9.5 m) of dated deposits (19,1001650 yrs) across two



segment
0.48-1 Piccardi et al. 1999

fault planes.
Scarp profiles near the fault centre (0.37-0.78 mm/yr over 18 ka).

Ventrino 0.7 Piccardi 1995 Topographic profiles at 1:10000 scale; but the throw-rate of 0.7±0.4 mm/yr is averaged over 12 ka
fault

Magnola- 0.7-0.8 Galadini and Galli 2000

(0.47±0.27 mm/yr over 18 ka).

They consider an age of 0.9-1.0 Ma for some slope derived breccias in the footwall of the Velino fault
Velino S B 
fault 0.7 Piccardi et al. 1999

and correlate them with some deposits in the hangingwall.
Scarp profile, 10 m of postglacial throw, vertical slip-rate of 0.7±0.3 mm/yr in 14 ka (0.54±0.23 over 18 
ka).
5 m high scarps towards the fault centre.0.28 Morewood and Roberts

Tre Monti 0.2
2000

Morewood and Roberts 3 m high scarp towards the fault centre.
S.B.fault 0.04 2000 0.5 m high scarp towards the fault tips.
Campo Felice 0.22 Morewood and Roberts 4 m high scarp decreases to 0.5m towards the northwestern end.
S.B.fault

0.8-1.3
2000

Galadini and Galli 2000 Maximum throw-rate using observations of moraines supposedly offset by fault slip.
Piano di Pezza 0.6-1.1 Pantosti et al. 1996 Based on trenching data, lower rates preferred according to authors.
S.B.fault 0.8-2.3 Based on scarp profiles, lower rates preferred according to authors.
Rieti 0.4 Michetti et al. 1995b Trenching investigations.
Aremogna- 0.3 Giraudi 1987 Trenching investigations and offset alluvial fans.
Cinque Miglia

0.3-0.5 D’Addezio et al. 2001 Trenching investigations and offset alluvial fans.

0 0



Table 4,2 (After Roberts and Michetti, in press)
Fault Length (in km) Measured Throw-rate ( in mm/yr)
Rieti 24 0.40
Leonessa 20 0.40
Sella di Como 25 0.33
Fiamignano 28 0.83
Carsoli 25 0.38
Scurcola 35 0.83
Fucino 36 2.00
Liri 40 1.10
Trassaco 31 0.83
Pescasseroli 22 0.83
Cassino 31 0.33
B arete 22 0.55
L'Aquila 37 1.38
Campo Imperatore 26 1.10
Sulmona 24 1.10
Cinque Miglia 20 0.38
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the maximum throw-rates they calculated for every fault). This study covers most of their 

localities and provides a few new sites offering an updated and more accurate measurement of 

throw-rates, through the construction of scarp profiles.

Several workers have estimated extension rates based on seismic moment summation, 

geological slip-rate values and GPS measurements. Based on seismic moment summation (over 

40 and 80 yrs of seismicity respectively), Anderson and Jackson (1987) and Jackson and 

McKenzie (1988) calculate an extension rate of ~ 3mm/yr throughout the central and northern 

Apennines. Pondrelli et al. (1995) calculate an extension rate of 1 mm/yr (over a very short time 

interval of 16 years), perpendicular to the Apennines. Westaway (1992) calculates an extension 

rate of ~5 mm/yr over a longer time interval (-400 years) by considering historical earthquakes 

estimated from macroseismic data. Selvaggi (1998) after following a similar procedure, but over 

a longer time interval of 700 years, calculate extension rate of 1.6 mm/yr. Galadini and Galli 

(2000) based on fault throw-rate data derived from paleoseismological studies, calculate 

extension rates ranging between 0.7-1.6 mm/yr (for fault planes dipping 60° and 45° 

respectively) and conclude that the values of historical seismic strain are comparable (although 

slightly lower) to the geological inferred rate. Hunstad and England (1999) conclude that the 

strain in central Apennines is too small to be detected from repeated triangulation 

measurements, proposing an upper bound of 3 mm/yr. Finally, D’Agostino et al. (2001b) have 

measured extension in the period 1994-1999 across the studied faults using GPS. They found an 

average of 6 ± 2 mm/yr extension localised within polygon shown in Figure 4.1c and Figure 

4.1d.

These extension rate hypotheses will be tested against observations and geological fault throw 

rates extracted from this study. In particular, D'Agostino et al.' (2001b) measurements, are well 

constrained spatially and thus offer the possibility for a detailed comparison with the rates 

extracted from individual faults during this study (see Section 4.3.1.4).

4.1.3 SEISMICITY

4.1.3.1 Large historical events

Lazio-Abruzzo hosted the 1915 Fucino earthquake (Ms=7.0) that claimed 33,000 human lives 

and has been recorded as the second most destructive normal faulting earthquake in the Italian 

peninsula (Boschi et al., 1997). The 1915 earthquake produced extensive surface faulting and 

Mercalli intensity values up to XI were recorded (Oddone, 1915; Michetti et al., 1996). This
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event was also felt in Rome (VI-VII). Focal mechanisms from this event were of poor quality 

and are regarded as inadequate to provide a reliable interpretation (Michetti et ah, 1996).

With the exception of the 1915 Fucino earthquake, which was the largest and most destructive 

event of the study area, at least 10 more events produced epicentral intensities higher or equal to 

intensity VIII (Boschi et al., 1999). Four of these events produced significant and widely-spread 

damage (Fig. 4.le  and Fig. 4 .If). Two of them were part of the 1703 seismic sequence (near L’ 

Aquila), one event was part of the sequence on September 9, 1349 (near L’ Aquila) and another 

large event occurred in 1706 (Maiella-Sulmona).

4.1.3.2. Completeness of the historical record

In Lazio-Abruzzo, for the time period prior to the devastating 1915 Fucino earthquake no other 

significant earthquake in the Fucino basin had been recorded in the historical record. However, 

trenching studies conducted after the 1915 earthquake recognized at least two additional 

seismic events of similar magnitude in the region during the historical period before the 1915 

event (Michetti et al., 1996; Pantosti et al., 1996; Galadini and Galli, 1999), implying that the 

historical record is incomplete. These events were dated between 885-1349 A.D., and 550-885 

A.D. (2 historical events from Michetti et a l, 1996), 860-1300 A.D. (1 historical event from 

Pantosti et a l, 1996), 400-700 A.D. (1 historical event from Galadini and Galli, 1999). Most 

scientists agree that the historical catalogue can be regarded as complete for large surface 

faulting events during the past seven centuries (D’ Addezio et a l, 1995; 2001; Valensise and 

Pantosti, 2001) or since the well-recorded seismic sequence of 1349 (Michetti et a l, 1996; 

Roberts et a l, in press). This means that after 1349, a large surface faulting earthquake would 

have been reported in the historical record.

4.2 GEOMORPHOLOGICAL SETTING

The stratigraphy and geomorphology of the intermontane basins in the central Apennines show 

a regional transition from Early-Middle Pleistocene low-gradient fluvial and lacustrine deposits 

to Middle Pleistocene steeper-gradient fluvial and alluvial fan sequences, implying that the 

Quaternary drainage evolved from an internally-draining fault bounded basin to a through-going 

river network (DAgostino et al., 2001a). Although several basins have been captured and 

integrated into the regional network, a few surviving closed basins such as the Fucino basin still 

remain. The Fucino plain is located in the middle of the study area and its local base level (650
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Figure 4.1 e) Map showing the traces and the figure numbers of the detailed topographical 

maps displayed in this chapter, f) Map showing the epicentres of the largest historical 

earthquakes in the study area (taken from Boschi et al., 1999).
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m) is well above the regional levels of fluvial incision of the neighbouring Liri valley and 

Sulmona basin. The reason is that the Fucino plain is bounded by several normal active faults 

whose activity preserved the internal drainage (D'Agostino et al., 2001a).

The high topography of the Lazio-Abruzzo, Apennines (e.g. Mt. Como Grande 2912 m, Mt 

Velino 2485 m, Mt. Greco, 2285 m) contained mountain valley glaciers during the last 

glaciation, revealed by the presence of moraines and glacial landforms (Cassoli et al., 1988; 

Frezzotti and Giraudi. 1992; Giraudi and Frezzotti, 1997). The Calderone Glacier (2700-2840 

m), located on Como Grande is reported as the only glacier preserved today in peninsular Italy 

and the southemmost in Europe (Gellatly et al., 1994). During the last glacial maximum, most 

of the area was not permanently covered by ice, but experienced periglacial conditions with 

vigorous freeze-thaw action, providing a considerable amount of debris leading to high erosion- 

sedimentation rates on mountain slopes. Also, mass movement and meltwaters from the ice 

sheets transported glacial debris into neighbouring periglacial areas. In addition, the harsh 

climate restricted the vegetation, promoting high erosion rates. As a result, sedimentation and 

erosion rates exceeded fault throw-rates resulting in smoothed hillsides evidenced by slopes 

dating from the end of the glaciation that are graded to the same gradient on either side of fault 

scarps (Fig. 4.2a). These slopes have been preserved because after the demise of the glaciation, 

vegetation stabilised the mountain slopes and erosion rates decreased producing a thin (c. 1-2 

meters) organic and in places volcanic rich soil (Giraudi, 1995; Giraudi and Frezzotti, 1997). 

The lower erosion and sedimentation rates allowed the preservation of faults scarps (Fig. 4.2a) 

produced by the ongoing fault slip (Roberts and Michetti, in press).

An extensive database of radiocarbon dates (extracted from palaeo-vegetation) and 

tephrachronology (volcanic ash from nearby volcanic emptions) reveal the absolute and relative 

ages of the late glaciation-related deposits and slopes (Giraudi and Frezzotti, 1997). Sediment 

cores obtained from central Italy and the neighbouring setting of Southern Apennines, 

demonstrate that the closely coupled Northern Hemisphere ocean-atmosphere system of the last 

glacial period extended its influence as far as the central Mediterranean region (Allen et al., 

1999), and after reconstructing the climate of the last glacial maximum (20-18 ka), Peyron et al.

(1998), calculated a mean temperature anomaly of the coldest month of -14C° and an annual 

mean temperature anomaly of - 1C°. They also allow correlation with climatic records from 

Tyrrhenian sea cores and other oceanic records (Paterne et al., 1986; 1988; 1999). These data 

indicate that the major glacial phase in the central Apennines ended at about 18 kyrs ago, 

dominating the geomorphology of the region (Cassoli et al., 1988; Frezzotti and Giraudi, 1992; 

Giraudi and Frezzotti, 1995; 1997). This is also consistent with recent studies showing that
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Figure 4.2 a) Evolution of post-glacial fault scarps in Lazio-Abruzzo. During the glaciation 

sedimentation and erosion rates exceeded fault throw-rates resulting in smoothed hillsides. 

After the demise of the glaciation, erosion and sedimentation rates decreased and vegetation 

stabilized the slopes. The lower erosion and sedimentation rates allowed the preservation of 

faults scarps produced by the ongoing fault slip (After Roberts and Michetti, in press), b) 

Chronology of glacial and periglacial phases of Campo Imperatore. YD, Younger Dry as, HI, 

H2, H3, Heintich Events 1,2,3. The major glacial phase ended at 18 ka. Some small 

magnitude glacial re-advances followed by retreat phases have been recorded between 14 ka 

and 18 ka, but the geomorphology is not affected significantly by those stages (After Giraudi 

and Frezzoti,1997).
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global ice melting that resulted in a rapid sea level rise, started 19 kyrs ago (Lambeck et al., 

2002).

Today, normal fault scarps offset the dated slopes and deposits (Giraudi, 1995) providing an 

average value for the throw-rate for the last c. 18 kyrs. Although the major glacial retreat began 

at 18 ka, as it is evident from the data described above, some small magnitude glacial re

advances followed by retreat phases have been recorded between 14 ka and 18 ka. Thus, it is 

possible that some of the scarps may be post 14 ka or post 16 ka. In that case, higher rates are 

implied. However, the geomorphology is not affected significantly by those stages (Fig. 4.2b) 

(Giraudi and Frezzotti, 1997). Finally, a question arises on whether glacial rebound can be 

considered as an additional potential mechanism for promoting crustal deformation, fault 

movement and seismicity (e.g. Stewart et al., 2000 and references therein). However, the limited 

size of the glaciers and the fact that the post-glacial displacements appear to be in agreement 

with pre-glacial displacements, deny any prominent role of postglacial rebound processes in the 

fault scarp evolution of the area (Giraudi, 1995).

4.3 DEFORMATION RATES

In this Section, two independent methods of obtaining fault throw-rates are presented. In 

Section 4.3.1, the throw-rates represent the measured values derived from geological data. More 

specifically, throw-rates are extracted from range-bounding fault scarps of displaced post

glacial sediments. This chapter offers an updated and more accurate measurement of throw- 

rates, through the construction of scarp profiles, compared to Roberts and Michetti (in press) 

who evaluated throw-rates by visually determining the heights of post-glacial scarps. This study 

covers most of their localities and provides a few new sites. In Section 4.3.2, throw rates are 

calculated from the equation presented by Cowie and Roberts (2001), which predicts throw rates 

and described in detail in Section 2.2.

4.3.1 MEASURED DATA

4.3.1.1 Methodology

The positions of studied localities were constrained by UTM coordinates using 1:100000 

topographic maps and a hand-held GPS receiver (providing an accuracy of ± 50 m). In order to 

extract throw-rates, a large number of scarp profiles were constructed on 12 different active

105



Chapter 4

faults. Also, in some localities throws associated with scarps were estimated by eye. Postglacial 

throw is presented in meters and throw-rate is deduced by dividing the throw by 18 ka. In a few 

localities slip direction data were also collected. All of these data (slope dips and slip directions) 

are presented in detail in Appendix A. Finally, Table 4.3 summarizes all throw-rate data 

collected during this study. In Table 4.3, the source of data is distinguished, showing whether 

they are from scarp profile (S.P.) or from eye-estimation of throw across a scarp (E.E.).

4.3.1.1.1 Scarp Profiles

As mentioned in Section 4.2, in Lazio-Abruzzo, fault scarps displace post-glacial sediments 

associated with the last major glacial retreat that occurred in the region about 18 kyrs ago 

(Giraudi, 1995; Giraudi and Frezzotti, 1997). The vertical offset of the glacial surfaces 

corresponds to the total throw of the fault that has been accumulated since the end of the 

glaciation. Consequently, all the measured scarp profiles were calibrated with this number. 

However, some authors have calculated throw rates using similar profiling techniques, but 

average them over 14 ka ± 4 ka (Piccardi et al., 1999), 12 ka (Piccardi, 1995) or even over 10 ka 

(Westaway et al., 1989). Where such results are reported, the throw-rates have been re

calculated using 18 ka, and are presented in brackets, to facilitate comparison with the data of 

this study. If in the future more evidence suggests otherwise, values can be corrected. In order to 

resolve this issue, in Section 4.3.1.4.2 where published GPS extension rates are compared with 

the geological rates extracted from this study (see Figure 4.19), the geological rates were 

averaged using as a reference not only the last 18 kyrs but the last 14 kyrs as well.

All the profiles across post-glacial scarps were constructed through chain surveying techniques 

using a ruler (1 meter) and a clinometer. The profiles exhibit common features characteristic of 

fault scarps, such as the upper slope, the degraded scarp, the free face, the colluvial wedge and 

the lower slope (e.g. Fig. 4.3iv). The free face is a close approximation of the fault plane itself. 

After a surface faulting event debris immediately begins to spall off the free face and 

accumulate at the base of the scarp as a colluvial wedge at the angle of repose of the material; 

34°-37° (Yeats et al., 1997). Such a colluvial wedge is a characteristic geological signature of an 

ancient dip-slip earthquake that ruptured the ground surface (McCalpin, 1996; Morey and 

Schuster, 1999). Since, the colluvial wedge conceals the actual scarp throw, it is important to 

distinguish the colluvial wedge from the lower slope in order to avoid any throw under

estimation. Also, as the footwall of a normal fault undergoes continued uplift by repeated 

earthquakes, the original steep fault plane (free face) is dissected by streams and reduced in 

gradient by erosion, producing a degraded scarp (Yeats et al., 1997). Therefore, it is important

106



Table 4.3
Fault nam e Length Locality X UTM Y UTM Throw in Error Throw-rate Data N otes

(Km) Number Coordinate Coordinate 18 kyrs ±(m ) (mm/yr) source

Trasacco 31 1 0381202 4642782
[m)
6.9 1.4 0.38 ± 0.08 S.P. Bedrock scarp is located 15-20m above the cultivated land and is

(Fig. 4.31) hidden by the vegetation (Fig. 4.3iii). 4m high free face and a
cataclastic zone (Fig. 4.3iv,Fig. 4.3v). Slip directions show a mean
239° (close to regional 225° extension direction) (Fig. 4.3vi).

Carsoli 25 2 7.1 1.4 0.39 ±0.08 S.P. 70cm angular step Im from the free face into the hangingwall (Fig.
(Fig. 4.1c) 4.4i). Slopes altered in the past by cultivation, but the morphology

has not changed in a considerable way (Fig. 4.4iii).
3 0348513 4661740 3.5 1.8 0.19 ±0.1 E.E. Bedrock scarp.
4 0346717 4662870 6.5 3.6 0.36 ± 0.2 E.E. Bedrock scarp.

Liri 42 5 0373946 4638900 14.7 2.9 0.82 ± 0 .16 S.P. Bedrock scarp hidden by the forest vegetation. 4-5m high free face
(Fig. 4.5i) (Fig. 4.5Ü, Fig. 4.5iii).The scarp is located a few tens of meters

lower from a cliff, that could represent an older degraded scarp (Fig.
4.5iv, Fig. 4.5v).

6 0364129 4648781 12 3.6 0.67 ± 0.2 E.E. Located at the base of a large cliff.
7 0357047 4653842 7.7 1.5 0.43 ± 0.09 S.P. Bedrock scarp towards the NW end of the fault (Fig. 4.5vi).

Leonessa 20 8 0332381 4714191 5.7 1.1 0.32 ± 0.06 S.P. Both upper and lower slopes covered by thin vegetated colluvium.
(Fig. 4.1c) The bedrock limestone is exposed at the free face only. Two separate

scarps, the main 4.5m and the secondary 1.2m high that offsets
Holocene soil, 2m away from the free face (Fig. 4.6i, Fig. 4.6ii).

Sulmona 26 9 0407507 4664380 15.1 3 0.84 ±0.17 S.P. Lower bedrock scarp near Roccacasale village (Fig. 4.7ii, Fig. 4.7ii
(Fig. 4.7i) and Fig. 4.7iv)
Pescasseroli 22 10 0403907 4627565 9.1 1.8 0.5 ±0.1 S.P. Two separate scarps, close to the centre of the fault, an upper 3.2m
(Fig. 4.8i) high (Fig. 4.8iv) offsets a faceted spur and a lower 5.9m high

offsetting a Quaternary terrace (Fig. 4.8iii).
11 0399361 4634061 4.9 1 0.27 ± 0.05 S.P. Covered by forest vegetation at the base of Mt Palombo towards the

northern end of the fault (Fig. 4.8v). Slip directions show a mean
206°, plunging towards the hangingwall centre (Fig. 4.8vi).
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Fault nam e Length Locality X UTM Y UTM Throw in Error Throw-rate Data N otes
(Km) Number Coordinate Coordinate 18 kyrs ± (m) 

(m)
(mm/yr) source

Scurcola 35 12 0352977 4665855 7.4 3 0.41 ±0.16 S.P.
(Fig.4.9i)
Campo 30 13 0386404 4699825 6.7 1.3 0.37 ± 0.07 S.P.
Imperatore
(Fig.4.10i)
Montechristo 14 0381519 4697280 3.8 0.8 0.21 ±0.04 S.P.

L’ Aquila 37 15 0369294 4701335 12.6 2.5 0.7 ±0.14 S.P.
(Fig.4.10i)

16 0383457 4689203 7 1.4 0.39 ± 0.08 S.P.

17 0386594 4688439 3.5 1.8 0.19 ±0.1 E.E.

18 0384225 4687552 3.5 1.8 0.19 ±0.1 E.E.

19 0385225 4687517 6.6 1.3 0.37 ± 0.07 S.P.

20 0391907 4679658 7 0.39 ± 0.08 S.P.

4.4 0.24 ± 0.05 S.P.

Fiamignano 28 21 0343375 4681877 19.4 3.9 1.08 ±0.22 S.P.
(Fig.4.12i)
B arete 22 24 0358438 4702072 9.1 1.8 0.5 ±0.1 S.P.
(Fig.4.13i)

Scarp profile at S.Stefano (Fig, 4,9ii). The locality is heavily 
disturbed by a dirt road, large error bars implied.
Main bedrock scarp heavily degraded. Throw could be 
underestimated (Fig. 4.10Ü, Fig. 4.10iii).

Secondary scarp located 2 km south from the main Campo 
Imperatore fault. Both structures are probably linked at depth (Fig. 
4.10iv, Fig. 4.10v, Fig. 4.10vi).
Bedrock scarp at Mt. San Franco towards the NW end of the fault. 
6m high free face. Slip directions (Fig. 4.1 Ixi) show a mean 193° 
plunging towards the hangingwall centre (Fig. 4 .11 viii. Fig. 4.1 lix, 
Fig. 4.1 Ix).
Main bedrock scarp dipping towards the SW (Fig. 4 .Hi). Thick 
cataclastic zone. 3-4m high free face (Fig. 4.11ii). The upper scarp is 
heavily degraded, and postglacial throw could be underestimated if 
the upper slope to degraded scarp contact has not been identified 
correctly (Fig. 4.11iii).
Secondary antithetic scarp near S.Stefano village. Cultivation 
processes disturb the locality (Fig.4.1 liv).
Secondary antithetic scarp near Barisciano village. Cultivation 
processes heavily disturb the locality.
Secondary antithetic scarp between the two preceding scarps (Fig.
4.1 Iv). The dip of the lower slope is not well constrained, because 
the slope is disturbed by cultivation, 10m away from the free face 
(Fig. 2Ivi, Fig. 2Ivii).
Considerable scarp height variation over short distances. Two 
profiles within 80 m provide the
max (7 m) and min (4.4 m) throw estimate. The mean throw values is
5.711.3 m, or 0.32 ± 0.07 mm/yr (Fig. 4.11xii, Fig. 4.11xiii.).
Bedrock scarp. Low dip free face (-40°) (Fig. 4.I2Ü, Fig. 4.12iii).

Bedrock scarp covered by the vegetation. 7m high, very steep (65- 
70°) free face (Fig. 4.13Ü, Fig. 3.13iii). Slip directions show a mean



Fault name Length Locality X UTM Y UTM Throw in Error Throw-rate 
(Km) Number Coordinate Coordinate 18 kyrs ± (m) (mm/yr)

(m)
36Fucino main 

Fault
(Fig.4.14i)
Parasano
segment

Parasano
segment
San
Sebastiano
Segment
Campo Felice
Segment
Boundary
fault
Gioia Vecchio 
Segment 
Boundary 
fault 
Cassino 
(Fig. 4.17i) 

Sella di Como 
(Fig. 4.16)

25

31

25

0389531 4652123

value of 239° (close to regional 225° extension direction) (Fig. 
4.13iv).

Data Notes
source

Fucino main fault consists of several overlapping segments and is 
also associated with other Segment Boundaries Faults.

1.8 0.49 ±0.1  S.P.

26 0392776 4649992 5.2 1 0.29 ±0.06  S.P.

27 0397378 4644678 5 1 0.28 ± 0 .06  S.P.

28 0372831 4675428 8.8 1.8 0.49 ±0.1  S.P.

29 0394595 4640092 9.9 2 0.55 ±0.11 S.P.

22 0409288 4593745 5 1.8 0.28 ±0.1 E.E.

23 0346948 4694841 6.5 3.6 0.36 ± 0 .2  E.E.

Profile constructed across the 1915-rutpured fault trace 1.5 km SE of 
Pescina. Two scarps are observed. The upper is a bedrock scarp 5.5 
m high and the lower is 3.3 m high, located 10 Om away from the 
upper scarp. The lower scarp coalesces with the upper scarp 100 m 
towards the NW (Fig. 4.14Ü, Fig. 4.14iii, Fig. 4.14iv).
Bedrock scarp, 4 m high free face (Fig. 4.14v, Fig. 4.14vi, Fig. 
4.14vii).
Bedrock scarp near the village of S.Sebastiano. Postglacial throw is 
almost equal to the free face height 
(Fig.4.14viii,Fig.4.14ix,Fig.4.14x).
Bedrock scarp, 4 m high free face (Fig. 4.14xi, Fig. 4.14xii, Fig. 
4.14xiii).

Two scarps observed. An upper bedrock scarp 8.4 m high and a 
secondary lower scarp 1.5 m high. The lower scarp is located 18 m 
away from the upper scarp into the hangingwall, and offsets the 
Holocene soil colluvium in the lower slope (Fig. 4.14xiv).
Bedrock scarp, close to the fault centre (Fig. 4.17Ü).

Scarp heavily disturbed by road construction, large uncertainties 
implied on height estimation.

Note: Fault lengths are from Michetti and Roberts (in press). Data source shows whether a scarp profile (S.P.) was constructed or scarps were estimated by eye  
(E.E.).
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to define accurately the upper slope and its contact with the degraded scarp in order to avoid any 

throw under-estimation. Finally, new faulting on a pre-existing scarp creates a new free face, 

followed by scarp degradation again. These features are crucial elements to identify in every 

profile because they impact on the throw measurement. After defining the main characteristics 

of the scarp profiles in the field, the profiles were reconstructed and interpreted in a graphics 

package and the throw was calculated. The throw is defined as the height measured between the 

intersection of the fault plane with the projected positions of the upper and the lower slope 

respectively (e.g. Fig. 4.3iv).

Selection of scarp profile locations that minimize differential incision, deposition and erosion 

processes, post dating the surface of known age, is also crucial. The profile locations were 

selected very carefully in order to avoid any such natural or artificial modifications from the 

original slope that could lead to unrepresentative post-glacial throw values. However, it should 

be noted that in countries like Italy and Greece scarps in alluvial fans or slope deposits can be 

man-made features in places. Therefore, scarps were used for slip-rate evaluation only where 

clear tectonic evidence or trenching data were available, confirming a tectonic origin. 

Additionally, scarp profiles on step-up or step-down fault zones were avoided, because these 

zones are sites of increased degradation potential (Stewart and Hancock, 1991). Moreover, scarp 

profiles on relay ramps where there is a high potential for sediment transport, from footwall to 

hanging wall (Roberts and Gawthorpe, 1995; Gawthorpe and Leeder, 2000; Childs et al., 2003) 

were also avoided. Those few localities, where a significant disturbance exists (e.g. loc.l2 

Scurcola fault), are referred to in the text and the results are considered less precise. Finally, a 

good profile analysis requires a long profile in order to tightly constrain the upper and lower 

slopes because small errors in these can lead to large errors in the calculated throw (Avouac et 

al., 1993; Hanks and Schwartz, 1987). All profiles are long enough (from 40 to 140 m) to define 

the actual slope dips.

4.3.1.1.2 Errors on scarp profiles

Several different types of errors are involved in the construction of scarp profiles, but they are 

small. In most cases the slopes are smoothed and almost planar, and the profiles are relatively 

long, so the error introduced by defining a straight line that represents the dip of the slope is 

insignificant. Also, significant errors can be introduced when the dip of the fault is unknown. 

However, this error does not apply in this study, because in the majority of the profiles the free 

face is exposed constraining the fault dip. However, even if the profile site selection has been 

chosen very carefully, it is inevitable that the actual scarp has been altered to some extent by
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weathering and deposition. As a result, throw could be underestimated. Where eroded gullies 

exist on the lower slopes exposing their stratigraphy, it is clear that the thickness of the organic- 

rich Holocene soils are generally only a few tens of centimetres, overlying the organic-poor 

upper Pleistocene slope deposits. Thus, burial of the scarps is typically limited to only a few 

tens of centimetres, an error that is small (< c. 5%) compared with the throws across scarps 

which are in the order of metres. Finally, scarp throw variation along strike is evident, even over 

short distances, including locations that are apparently undisturbed by incision or deposition 

processes. This throw variation is considered to be a natural variation associated with coseismic 

surface slip and constitutes the main source of uncertainty. Such variation was observed during 

this survey in several locations. For example, an extreme example of scarp throw variation over 

short distances was observed along the south-eastern end of L’Aquila fault at location 20 (see 

Table 4.3 and Fig. 4.11xii, Fig. 4.11xiii and Fig. 4.11xiv). In that location (Fig. 4.10i), two 

profiles were constructed nearby (about 80 m apart), incorporating the lowest and the highest 

throw visible after examining the scarps by eye. The first profile exhibits a 7 m high scarp (Fig. 

4.11xii), while the second displays a 4.4 m high scarp (Fig. 4.11xiii). Thus, even in this extreme 

case the variation compared to the mean value is small (5.7 ± 1.3 m or in terms of throw rates 

0.32 ± 0.07 mm/yr). Thus, the variation is about 20 per cent of the throw value. Similarly, the 

proportional estimated error for an 18 m high scarp that offsets an 18 ka slope, resulting in a 

throw rate of 1 mm/yr, is calculated up to ± 3.6 m or 0.2 mm/yr in terms of throw rates.

Overall, the source of error is generally not related to the profile construction or interpretation, 

but is mainly due to natural along strike fluctuations in throw, that may impact on the throw 

rates. A fairly irregular surface slip distribution has been documented from several normal 

faulting events such as the 1980 Irpinia (see Fig.6 of Pantosti and Valensise, 1990), 1981 

Corinth (see Fig.2 of Jackson et al., 1982) 1983 Borah Peak, (see Fig.3 of Crone and Machette, 

1984). It is debatable on whether these fluctuations can be recorded as error, but do add to the 

uncertainties and based on that perspective, they are attributed as errors.

4.3.1.1.3 Visually estimated throw

Also, in some localities the postglacial throws associated with scarps were estimated by eye. In 

particular, throw values were estimated in the field and then they have been corrected in the 

laboratory after examining photos with clear objects for scale included in the photographs. This 

happened for different reasons depending on the locality. Some of the localities were very steep, 

some others inaccessible due to fences (private land with no permission to work) and some 

others were disturbed so that a profile could not provide a better estimation. However, all the
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throws that have been estimated visually exhibit low throw-rates (<0.7 mm/yr), therefore the 

errors are relatively small (see following Section). Although these localities do not impact on 

the results in a significant way, they are important in terms of the continuity of the observations. 

Overall, they offer a more complete view of the deformation rate pattern and people may assess 

them more accurately in the future.

4.3.1.1.4 Errors on visually estimated throw

Three main causes for the generation of visually estimated throw errors are defined in such 

cases: i) the dip of the fault plane; ii) the determination of the degraded scarp; and iii) the 

vegetation. Generally, vegetation can hide scarps as high as about 10 m, even if the observer is 

located only a few hundred meters away from the scarp (e.g. Liri scarp at loc.5 Fig. 4.5ii and 

Fig. 4.5iii, Barete scarp at loc.24 Fig. 4.13Ü and Fig. 4. 13iii). Also, vegetation can hide smaller 

potentially secondary scarps (e.g. Leonessa scarp at loc.8 Fig. 4.6i). The dip of the fault plane, 

when very steep, can generate an illusion of a higher scarp. On the contrary, an illusion of a 

lower scarp is implied when the fault plane has a shallow dip (e.g. Fiamignano scarp at loc.21 

Fig. 4.12Ü and Fig. 4.12iii). Finally, the main difficulty that arises during eye estimation is the 

determination of the degraded scarp, which is usually hard to see and very difficult to evaluate 

without a profile (e.g. Campo Felice scarp at loc.28 Fig. 4.14Ü and L’Aquila at loc.16 Fig. 

4.11iii). These errors apply to all post-glacial throw values estimated visually, but the error 

quantification varies according to the scarp characteristics. Overall, the uncertainties implied are 

higher, so for these locations a higher error is introduced compared to the 20 per cent estimated 

error of scarp profiles. In this case all the throws across postglacial scarps that have been 

estimated visually exhibit low throw-rates (<0.7 mm/yr), so an error of ± 3.6 m (± 0.2 mm/yr) is 

estimated for scarps of 6.3 to 12.6 m high (0.35-0.7 mm/yr) and an error of ± 1.8 m (± 0.1 

mm/yr) is estimated for scarps less than 6.3 m high (<0.35 mm/yr).

4.3.1.2 Field observations, interpretations and deformation rates of individual faults

In this section, the fault pattern is presented in detail with particular emphasis placed on throw- 

rates. In particular, a detailed fault-by-fault description is presented and published throw-rates 

extracted from this study are combined and compared with published rates (from offset terraces, 

trenching studies, scarp profiles or scarp-eye estimations) in order to offer a complete picture of 

the deformation rate pattern. Postglacial throw is presented in meters and the throw-rate is 

deduced by dividing the value over 18 kyrs.

112



Chapter 4

4.3.1.2.1 The Trasacco Fault

The northern end of Trasacco fault, where it crosses cultivated land of the Fucino basin, the 

fault is defined only by trenching (Fig. 4.3i). Palaeoseismological analysis by Galadini et al., 

(1996) identified seven Holocene displacement events. Their extensive data along the northern 

part of the fault, indicate that vertical slip rates decrease from 0.28 mm/yr (1 km northeast from 

Trasacco village) towards the northwest to 0.08 mm/yr 7 km northeast of Trasacco. Galadini

(1999) suggests that southeast of Trasacco village no scarps were formed by long-term activity 

of the Trasacco fault and argues that the active part of the fault ends at the village. Thus, in this 

scenario the maximum throw rate is observed 1 km away from the fault tip, followed by an 

abrupt decrease in throw rate within a kilometer of where the fault tip is inferred to be located. 

However, this interpretation is unusual since it is generally known that active faults display their 

maximum throw towards their centres (e.g. Watterson, 1986). Indeed, southeast of Trasacco 

village, a clear linear fault trace, characteristic of an active structure, is visible from air photos 

and satellite images (Giraudi, 1988a; 1988b; Piccardi et al., 1999). Moreover, a bedrock scarp 

has been identified 3 km southeast of Trasacco village across which a scarp profile has been 

produced (Fig. 4.3iii.). The profile reveals a postglacial throw of 6.9 meters, implying a throw 

rate of 0.38 mm/yr (Fig. 2aiv), indicating that the rate of active faulting continues to increase 

further south of Trasacco village from the values presented by Galadini et al. (1996). A free face 

up to 4 m high and a cataclastic zone are observed (Fig. 4.3v). Slip directions at the same fault 

scarp locality show a mean value of 239° very close to the regional extension direction of 225° 

(Fig. 4.3vi). Further southeast along the fault strike there appears to be a wind gap at S. Antonio 

(Fig. 4.3Ü) where a small Quaternary basin has been isolated by faulting (Giraudi, 1988d). Even 

further southeast, a small alluvial fan has been offset by 2 parallel fault scarps with a cumulative 

total throw of about 7-10 metres (0.38-0.55 mm/yr) (Roberts and Michetti, in press). Based on 

the above observations, it is strongly suggested that the Trasacco fault is active southwest of 

Trasacco village, although its southern end is not well constrained.

4.3.1.2.2 The Carsoli Fault

Although the Carsoli fault shows clear evidence of postglacial activity, it has not been 

interpreted to be an active fault or a possible earthquake threat by other workers. The Carsoli 

fault exhibits a clear bedrock scarp in several locations (loc.2, 3, 4, Fig. 4.1c). At locality 2, 

where a scarp profile was constructed, both the upper and lower slopes have been altered in the 

past by cultivation, but the slopes have not changed significantly (Fig. 4.4iii). The profile 

reveals a throw of 7.1 m (Fig. 4.4i, Fig. 4.4iv) and a throw-rate of 0.39 mm/y. Near the scarp
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Figure 4.3 i) Topographic map for the Trasacco fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Detailed topographic map showing the 

windgap at S.Antonio, iii) V iew  o f  the scarp from the basin, iv) Topographic profile at 

locality 1. v) Close-up photo o f  the scarp with person (1.7 m) for scale, vi) Stereonet (lower 

hemisphere) shows the lineations on the fault plane. The heavy arrow indicates the mean 

fault-slip direction (63° towards 239°).
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profile, a second scarp up to 3 m in height is present, perpendicular to the main fault. Striations 

on faults indicate a mean slip vector of 227° at the first main fault scarp locality (Fig. 4.4ii, Fig. 

4.4v) and a mean value of 185° for the second scarp (Fig. 4.4v). The second scarp exhibits a 

lower postglacial throw than the main fault and its slip directions plunge towards the south 

rather than the regional southwest. This structure is interpreted as a release fault accommodating 

along-strike stretching (Destro, 1995; Morewood and Roberts, 2000). Another interesting 

feature is a steeply dipping step in the hanging wall, 1 m from the fault plane. This smaller 

secondary scarp is about 70 cm high and may indicate a relatively recent surface rupture.

4.3.1.2.3 The Liri Fault

This fault is widely regarded to be active (Westaway et al., 1989; Piccardi et al., 1999; Cowie 

and Roberts, 2001) or probably active (Bosi, 1975) based on geomorphological data. However, 

other authors believe that this fault is no longer active and its activity terminated in the later part 

of the early Pleistocene or at the beginning of the middle Pleistocene with the sealing of the 

fault by middle Pleistocene alluvial fan deposits (Carrara et al., 1995). They attribute the 

geomorphological evidence of more recent activity and the freshness of clear bedrock scarps, to 

exhumation phenomena driven by the different erodibility of the carbonate bedrock and the 

Miocene flysch, as well as to strong cementation (see also Galadini, 1999).

It is argued here that the Liri fault is active, displaying a clear postglacial scarp that is 

characterised by clear geomorphological elements of recent activity, such as a 4-5 m high free 

face (e.g. Fig. 4.5iii). Above the scarps at locations 5 and 6 (Fig. 4.5i), a 30-40 m high cliff is 

observed (Fig. 4.5iv). This cliff may represent an older degraded scarp that remained as a cliff 

until the end of the glaciation, indicating that the glaciation did not completely smooth the 

mountain slopes up to the top of the mountain (Fig. 4.5v). The postglacial scarp is observed a 

few tens of meters lower in elevation than the base of the cliff. At location 5 where a scarp 

profile was constructed the forest vegetation conceals the scarp. The scarp is 14.7 m high 

implying a throw rate of 0.82 mm/yr (Fig. 4.5ii). This scarp exhibits a free face 4-5 high (Fig. 

4.5iii), but the degraded part is difficult to distinguish on the profile. At location 7, a second 

scarp profile was constructed towards the northwestern end of the fault where the bedrock 

limestones are faulted against flysch deposits. The profile exhibits a throw of 7.7 m (Fig. 4.5vi) 

from which a throw-rate of 0.43 mm/yr is derived. This rate is about half that at locality 6 and 

may indicate that location 7 is closer to the fault tip than location 6. Finally, the hanging valley 

at Capistrello is interpreted to be a windgap where the drainage has been offset by faulting (Fig. 

4.5i).
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up photo o f  the scarp at locality 5. iv) View o f  the Liri fault northwest from Capistrello 

village, v) V iew  o f  the 30-40 m high cliff, which represents an older degraded scarp, located 

above the post-glacial scarp, vi) Topographic profile at locality 7.

117



SW

/ -
P 10m ^

vi) Liri Fault loc. 7

Limestone slope

7 .7 m

0 2m

Flysch

Degraded scarp

Colluvial
wedge

Figure 4.5 (continued)

L eo n essa  Fault 
loc. 8

0 10m Vegetated
Colluvium

Degraded 
scarp

Shallow
bench

Degraded 
scarp

0 2m

scarp, soil bench 
angular

Lower Colluvium 
slope

Figure 4.6 i) Topographic profile across the Leonessa fault at locality 8. ii) Close-up photo of 

the scarp with person (1.8 m) for scale.
118



Chapter 4

4.3.1.2.4 The Leonessa Fault

The Leonessa fault is the only major fault examined here which downthrows to the northeast. 

Michetti and Serva (1991) use the height of Pleistocene terraces uplifted by the fault to calculate 

a long-term throw rate, of 0.1 to 0.4 mm/yr, depending on the actual terrace Pleistocene age 

estimates. Cello et al. (1997) carried out two scarp profiles across a bedrock scarp west of 

Leonessa village. These authors did not indicate throw rates, but from their scarp profiles a 

postglacial throw of approximately 6 meters is evident (0.33 mm/yr). A detailed scarp profile at 

locality 8 is presented in Figure 4.6i. Both the upper and lower slopes are covered by a thin 

layer of vegetated colluvium (up to 50 cm thick on the upper slope) and the limestone bedrock 

is only exposed at the free face (Fig. 4.6ii). This profile shows two separate scarps, a main 

scarp, which is 4.5 m high, and a smaller secondary scarp 1.2 m in height which is 2 m from the 

free face of the main scarp in its hanging wall. Thus, the total throw is 5.7 m similar to that of 

Cello et al. (1997), suggesting a throw rate of 0.32 mm/yr. This rate is in agreement with the 

long-term throw rate derived from the uplifted Pleistocene terraces (Michetti and Serva, 1991). 

The secondary scarp offsets Holocene soil, which in conjunction with its fresh appearance, may 

indicate that the last earthquake on this fault was relatively recent, perhaps even during the 

historical record. This small scarp is also about the same size as lichen stripes on a bedrock 

scarps reported by Michetti and Serva (1991) nearby, perhaps indicating some lateral continuity 

of this possible surface rupture; this needs further study and possible a trench. Nevertheless, no 

strong earthquakes with their epicentres inside the basin are known for the last 1000 yr 

(Michetti and Serva, 1991) and the phenomena reported during the nearby 1703 earthquakes, 

are attributed to secondary gravitational effects (Blumetti, 1995). Thus, it is unclear which 

earthquake may have produced these possible surface ruptures.

4.3.1.2.5 The Sulmona Fault

The Sulmona fault exhibits two prominent fault scarps (Vittori et al., 1995a). The lower is a 

bedrock scarp separating limestone from Quaternary fluvio-lacustrine deposits and represents 

the recently active part of the fault. A scarp profile was constructed near Roccacasale village at 

locality 9 (Fig. 4.7i). The profile depicts a 15.1 m high scarp (Fig. 4.7ii, Fig. 4.7iii, Fig. 4.7iv) 

from which a throw-rate of 0.84 mm/yr is derived. Another scarp is observed about 3 km 

northeast, across strike from the lower scarp. However it is unclear whether this is still an active 

feature, and it is suggested that activity may have shifted to the lower scarp. This is consistent 

with a progressive hangingwall directed migration of fault activity within the fault zone, 

described by Stewart and Hancock (1994) for active normal faults in Greece. This interpretation
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Figure 4.7 i) Topographic map for the Sulmona fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) View of the scarp from the Sulmona basin, 

iii) Topographic profile at locality 9. iv) View of the scarp profile with person (1.7 m) for 
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is supported because the upper scarp does not continue across the Popoli gorge at its northern 

end, and it does not continue south of the Bagnaturo village (Fig. 4.7). As a result, its length is 

-10 km suggesting that it is not the major structure of the area. Vittori et al. (1995a) report that 

the higher scarp is at least 20-30 m high and that the fault breccia-gouge layer is heavily 

degraded. If this is correct and the upper scarp is still active, then the aggregate throw will 

exceed 35 m, providing a slip-rate of at least 2 mm/yr across the two scarps on the Sulmona 

fault, a value similar to the Fucino fault (see below). In addition, some smaller scarps dipping 

towards the northeast are reported (Vittori et al., 1995a), possibly representing antithetic faults 

to the highest scarp. Galadini and Galli (2000) after defining the base of the Middle Pleistocene 

deposits (based on the subsurface data of Cavinato and Miccadei, 1995), suggest for the lower 

scarp a long term minimum throw rate of 0.5-0.66 mm/yr. Finally, based on displaced lake 

sediments, Vittori et al. (1995a) estimate a long-term slip-rate in the range of 0.1 mm/yr. 

However, their observations are extracted from the northern end of the fault, a few kilometres 

south of Popoli village instead of the centre of the fault, where the maximum throw would be 

expected for an ideal isolated fault (e.g. Watterson, 1986). As the throw-rate is zero at the tip of 

a fault, my estimate of throw rate is consistent with the above lower throw-rate being nearer to 

the fault tip.

4.3.1.2.6 The Pescasseroli Fault

Westaway et al. (1989) suggest that the southern part of this fault ruptured at depth during the 

earthquake sequence of 1984 (Ms=5.8, Ms=5.2). No surface faulting was reported, but they 

suggest a Holocene slip-rate for the fault in the range of 1 mm/yr (assuming that the 10 m offset 

in the youngest talus deposits, accumulated during the Holocene). Galadini (1999) suggests the 

fault is active, referring to a scarp several tens of meters high affecting early Pleistocene gravels 

ESE of Pescasseroli, as well as to the displacement of slope deposits younger than 27 kyr 

(Galadini et al., 1999). In addition, two sites with bedrock scarps that separate Mesozoic 

limestone and Miocene flysch with some Quaternary deposits have been located. Two scarp 

profiles were constructed across this fault, one near its centre (loc. 10) (Fig. 4.8i, Fig. 4.8ii) and 

another towards its northern end (loc.ll. Fig. 4.8i). The profile at the centre displays two 

separate scarps (Fig. 4.8iii). The scarp higher on the hillside, exhibits a throw of 3.2 m offsetting 

a faceted spur (Fig. 4.8iv). The lower scarp is located 20 m lower on the slope, and displays a 

throw of 5.9 m offsetting a Quaternary terrace. The total postglacial throw is 9.1 m from which 

a throw rate of 0.51 mm/yr is derived (Fig. 4.8iii). The other profile was constructed at the base 

of Mt. Palombo where a bedrock scarp is present, though hidden by the forest vegetation. The 

postglacial throw is 4.9 m (Fig. 4.8fv) yielding a throw-rate of 0.27 mm/yr, suggesting that the
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throw decreases towards the tip of the fault as would be expected. A mean slip direction towards 

206° is extracted from locality 11 (Fig. 4.8vi). This value is about 20° anticlockwise to the 

regional extension direction and thus indicated convergence towards the centre of the fault (see 

Roberts and Michetti, in press for discussion of this), confirming that locality 11 is situated 

close to the northwestern part of the fault.

4.3.1.2.7 The Scurcola Fault

The Scurcola fault is 35 km long, strikes northwest-southeast and downthrows to the southwest. 

Of all the studied faults, this one is the least well constrained. Its northern end is located 1-2 km 

north of Leofreni village and its southern end 4-5 km southeast of Cese village (Fig. 4.9i). A 

wind gap is observed towards the northern end of the fault where the fault offsets 

palaeodrainage (La Portella valley). A scarp is observed near the village of S. Stefano (loc. 12) 

where a profile was constructed. The profile exhibits 7.4 m of throw and a corresponding throw 

rate of 0.41 mm/yr (Fig. 4.9ii). However, the lower slope is disrupted by a dirt road and the 

reliability of the measurement is questionable. Generally, the deformation data on this fault is 

poor, because the scarp is buried by sediments towards the southeast end on the Cese plain and 

generally the view of the scarp is restricted by vegetation and cultivation.

4.3.1.2.8 The Campo Imperatore Fault

Giraudi (1988c) recognized fault scarps in the Venacquaro and Maone valleys, which displace 

post-glacial valley bottom sediments. Giraudi and Frezzoti (1995) show a 16-18 m high scarp 

for the Venacquaro valley and a 10-11 m high scarp for the Maone valley. Consequently, they 

suggest an average slip-rate of 0.88-1 mm/yr for the Venacquaro valley and 0.67-0.78 mm/yr 

for the Maone valley (Fig. 4.10). Recently, Galli et al. (2002) based on trenching and offset 

alluvial fans estimate a cumulative minimum vertical slip rate of 0.68 mm/yr towards the 

eastern part of the fault.

A scarp profile was constructed at locality 13 (Fig. 4.10i), 6.5 km east of Val Maone, showing a

6.7 m high scarp (Fig. 4.10Ü) (0.37 mm/yr). The scarp is heavily degraded, thus the throw may 

be underestimated. The lower slope is covered with Quaternary glacial colluvium (Fig. 4.10iii). 

Another secondary post-glacial scarp was recognized 2 km south from the main structure at 

Montecristo (loc. 14). Its continuity can be traced for several hundred meters (Fig. 4.10iv). The 

profile exhibits a throw of 3.8 m (Fig. 4. lOv, Fig. 4.lOvi) (0.21 mm/yr). This measurement is
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added to the throw-rates extracted from the Maone valley (Giraudi and Frezzotti, 1995), because 

this structure is across strike and may be linked at depth with the main fault.

4.3.1.2.9 The L’ Aquila Fault

The L’Aquila fault is a 37 km long structure that strikes northwest-southeast and downthrows to 

the southwest. This fault has a rather complex structure, since its centre comprises several 

overlapping segments some of which dip towards the northeast. Its southern tip is located near 

Civitaretenga village (2 km east of Caporciano) and its northern tip is located towards the 

western end of Mt. San Franco (Fig. 4.10i). Many Pleistocene palaeolandslides of tectonic 

origin are reported for this fault concealing the position of the fault trace (Demangeot, 1965; 

Bagnaia et al., 1992). Galadini and Galli (2000) calculate a cumulative slip-rate of 0.33-0.43 

mm/yr for the fault, based on the vertical offset affecting Quaternary units as reported by the 

stratigraphie work of Bertini and Bosi (1993). Five scarp profiles were constructed along this 

fault. At the centre of the fault near Barisciano village, the strain is accommodated on multiple 

overlapping segments. Here the main bedrock scarp is accompanied by three secondary 

antithetic faults with scarps facing northeast. All secondary scarps are located within 2 km 

across strike of the main structure. This is possibly a transfer zone and the strain is 

accommodated by distributed displacement on several overlapping faults that break up the 

footwall and the hanging wall into smaller blocks (e.g. Anders and Schlische, 1994). The main 

southwest dipping scarp at locality 16 is continuous for several kilometres (Fig. 4.1 li), exhibits 

a clear free face about 3-4 meters high, a significant cataclastic zone and is heavily degraded 

(Fig. 4.1 lii). The scarp profile revealed a throw of at least 7 m (Fig. 4.11 iii) (0.38 mm/yr). The 

scarp however is heavily degraded, so a throw underestimation is possible if the upper slope to 

degraded scarp contact has not been identified correctly. The other three secondary scarps 

(loc. 17, loc.18, loc.19) dip towards the northeast, located between the villages of Barisciano and 

S. Stefano. The eastern scarp is located 1 km west of S.Stefano at locality 17 (Fig. 4.1 liv). The 

western scarp is located a few hundred meters north of Barisciano village at locality 18. 

Cultivation has disturbed both localities, so neither were profiled. However, a throw of 3-4 m is 

estimated for each of them. The other scarp is located between the two previous scarps at 

locality 19 (Fig. 4.1 Iv) and exhibits a throw of 6.6 m (Fig. 4.11vi). The free face is well 

exposed, but the dip of the lower slope is not well constrained because the slope 10 m away 

from the free face is disturbed by cultivation (Fig. 4.11vii). As mentioned above, the 

deformation towards the centre of the fault is distributed among several scarps located within 2 

km of the main structure. All of them contribute to the heave, therefore they can be added 

together. Thus, the total postglacial throw of the fault toward its centre, when all the above
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First topographic profile on the highest throw visible at locality 20. xiii) Second topographic 
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scarps are summed, is 20.6 ± 2 m with a corresponding throw-rate of 1.14 ± 0,11 mm/yr. A 

profile towards the northwestern tip of the fault, on the southeastern slope of Mt. San Franco 

was constructed (loc. 15, Fig. 4.11 viii). The profile displays postglacial throws across the scarp 

of 12.6 m, yielding a throw-rate of 0.7 mm/yr (Fig. 4.11 viii). This scarp is continuous for 

several kilometers (Fig. 4.11ix, Fig. 4.11x) and exhibits a free face up to 5 meters high. Slip 

directions measured from the fault plane plunge towards the 193° indicating that it is close to the 

fault NW tip (Fig. 4.11xi). The scarp profiles towards the southeastern tip at locality 20 were 

described in Section 4.3.1.1.2. As mentioned earlier (Section 4.3.1.1.2), a significant scarp 

throw variation over short distances was observed, and two profiles incorporating the highest 

and lowest visible throw were constructed (loc.20. Fig. 4.11xii, Fig. 4.11 xiii. Fig. 4.11 xiv) 

yielding a mean throw-rate value of 0.32 mm/yr. In conclusion the L’ Aquila fault has a 

cumulative throw-rate value of 1.14 mm/yr toward its centre and a throw-rate value of 0.7 

mm/yr and 0.32 mm/yr towards the NW and SE tip, respectively. The above confirms that 

throw-rates decrease from the centre towards the tips of the fault.

4.3.1.2.10 The Fiamignano Fault

Bosi (1975) and Mariotti and Capotorti (1988) presented detailed geomorphic and structural 

evidence for the recent tectonic displacement along this fault, which is also known as the Salto 

valley fault (Galadini, 1999). Morewood and Roberts (2000) estimate a 10 m post-glacial throw 

in the centre of the fault. However, a scarp profile constructed at the same locality (loc.21. Fig. 

4.12i) provides a significantly higher value of 19.4 m leading to a throw-rate of 1.08 mm/yr 

(Fig. 4.12Ü). It is suggested that the low dip of the scarp (about 40°) is the main reason for this 

eye estimation misjudgement (Fig. 4.12iii). Also, Morewood and Roberts (2000) report 4 m 

high scarps (0.22 mm/yr) towards both its lateral tips, confirmed by this study. In contrast, other 

authors suggest that this is an inactive fault and that the freshness of the scarp is attributed to 

Holocene exhumation due to selective erosion and gravitational phenomena (Galadini, 1999). 

More recent work done by Guerrieri et al. (2002) clearly illustrates that recent exhumation can 

be ruled out. The detailed stratigraphie evidence collected from the latest Pleistocene to 

Holocene slope deposits exposed in a large excavation dug for the local aqueduct at the Poggio 

Poponesco site, a locality close to the scarp profile at locality 21, coupled with the Quaternary 

geology, geomorphic and structural mapping along the central part of the Fiamignano fault, 

show that the present morphology of the bedrock fault scarp is mainly due to Holocene tectonic 

offset.
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Figure 4.12 i) Topographie map of the Fiamignano fault (after Roberts and Michetti, in 

press). Numbers on grid lines are UTM coordinates, ii) Topographic profile at locality 21. iii) 

View of the scarp at locality 21. White box shows the locality where the scarp profile was 

constructed.
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4.3.1.2.11 The Barete Fault

This fault is also known as the Arischia fault Zone (Blumetti, 1995) or as the Mount Marine 

fault (Basili et al., 1999; Galadini and Galli, 2000). Basili et al. (1999), after studying 

Pleistocene palaeo-landsurfaces and strath terraces, suggest that no significant Pleistocene 

displacement is observed. In contrast, Galadini and Galli (2000) calculate a minimum throw- 

rate of 0.25-0.43 mm/yr through the construction of topographic profiles, and a minimum 

throw-rate of 0.47-0.86 mm/yr based on an offset alluvial terrace. A bedrock scarp and fault 

plane are observed at locality 24 (Fig. 4.13i). A profile across this scarp, revealed a 9.1 m 

postglacial throw providing a throw-rate of 0.5 mm/yr (Fig. 4.13Ü, Fig. 4.13iii). The free face is 

up to 7 meters high, very steep (65°-70°), and slip directions show a mean value of 239° (Fig. 

4.13iv). It is argued that observations of offset strath terraces, which themselves vary in height 

by several tens up to a few hundred of metres, would be unable to provide sufficient resolution 

to constrain the small offsets that have been observed; this may explain why Basili et al. (1999) 

recognised no significant offsets. The fault’s activity is also confirmed by the historical record. 

In 1703 there was a seismic sequence of three main shocks. The first event reactivated the 

Norcia fault and triggered the two following shocks near Montereale and near Arischia -  

L’Aquila. The third event (February 2"̂  1703) reactivated the Barete fault, where surface 

ruptures and liquefaction phenomena were reported near the village of Pizzoli (Blumetti, 1995).

4.3.1.2.12 The Fucino Fault and surrounding structures

The Fucino fault consists of several overlapping segments and is also associated with other 

segment boundary faults located at its ends. Many different interpretations have been proposed 

for this complex structure. It is suggested following Morewood and Roberts (2000), Cowie and 

Roberts (2001), Roberts and Michetti in (press), that there is main fault 36 km long, with several 

smaller secondary faults located in its footwall such as the Parasano, the Ventrino and the S. 

Sebastiano faults, which may be linked at depth with the main fault. The 1915 surface ruptures 

on both the main Fucino and the Parasano faults (Oddone, 1915) are consistent with the above. 

Several other faults such as the Campo Felice fault, the Magnola-Velino fault, the Tre Monti 

fault, the Piano di Pezza fault and the Gioia Vecchio fault, are present towards its tips, but 

following Morewood and Roberts (2000), these are interpreted to be segment boundary faults, 

accommodating along strike extension in the stepover between two major faults. If one was to 

incorporate the segment boundary faults within the main structure its length would increase up 

to 45 km. Stratigraphie studies and seismic reflection data profiles demonstrate that the Fucino 

basin contains Upper Pliocene sediments bounded by the Fucino fault and the surrounding
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Figure 4.13 i) Topographic map for the Barete fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Close-up photo of the scarp at locality 24. iii) 

Topographic profile at locality 24. iv) Stereonet shows the lineations on the fault plane and 

heavy arrow indicates the mean fault-slip direction (50° towards 239°).
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structures, indicating that syn-rift-sedimentation started no later than Upper Pliocene (Cavinato 

et al., 2002). In addition, Cavinato et al., (2002) show a thickening of Pleistocene deposits 

towards the Fucino fault and in particular towards its centre at San Benedetto, indicating that its 

activity has been increased during the Pleistocene, whereas the Magnola-Velino and the Tre- 

Monti faults decreased in activity after the late Pliocene. The latter is consistent with the 

interpretation proposed by Morewood and Roberts (2000), Cowie and Roberts (2001), and 

Roberts and Michetti in (press).

4.3.1.2.12.1 The Fucino Fault

The Fucino fault hosted the 1915 earthquake (Ms=7.0) that claimed 33,000 human lives and has 

been recorded as the second most destructive normal faulting earthquake in the Italian 

peninsula. The 1915 earthquake produced extensive surface ruptures and intensity values up to 

XI were recorded (Oddone, 1915; Michetti et al., 1996). The north-western end of the main fault 

is located 4-5 km northeast of Ovindoli and the south-eastern end is located near the village of 

Bisegna (Fig. 4.14i). The main fault passes near the villages of Celano, San Benedetto dei 

Marsi, Venere and Gioia dei Marsi. Trenching investigations on the 1915 surface ruptures at the 

centre of the main fault (San Benedetto dei Marsi), revealed a slip rate of 1.6 mm/yr (Michetti et 

al., 1996). Based on trenching investigations near the village of Venere, Galadini and Galli

(1999), estimate a minimum vertical slip rate of 0.24-0.29 mm/yr. A scarp profile at 

S.Veneziano, about 6 km southeast of the previous trench-site, crosses two scarps, with a 

cumulative throw-rate of 0.9 ± 0.45 mm/yr (0.7 ± 0.35 averaged over 18 ka) (Piccardi et al.,

1999). Across the northeast end of the Fucino fault (Campo Porcaro) a throw rate of 0.6 mm/yr 

is reported from several scarp profiles (Pantosti et al., 1996, Morewood and Roberts, 2000).

4.3.1.2.12.2 The Parasano Fault

The Parasano segment is interpreted to have ruptured for more than 10 km along strike during 

the 1915 event (Oddone, 1915; Serva et al., 1988). A middle Pleistocene fluvio-lacustine terrace 

is preserved on the footwall of the Parasano-Cerchio fault at a maximum elevation of 870 m 

(Blumetti et al., 1993). Michetti et al. (1996), after correlating the above terrace with a dated 

tephra horizon (500-700 ka) at a depth of 100 m within the Fucino basin, suggest that the 

vertical offset since the middle Pleistocene exceeds 300 m and calculated a slip rate greater than 

0.4 mm/yr for the Parasano-Cerchio and Celano-Gioia faults. Galadini and Galli (1999) suggest 

a slip-rate of 0.4-0.5 mm/yr for the northern part of the Parasano fault, 1 km southeast of 

Cerchio village. Near the fault centre at Mt. Parasano, following the construction of several
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Figure 4.14 i) Topographic map for the Fucino fault (after Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) Topographic profile at locality 25. iii) View 

of the profile location at locality 25. Arrows show the upper and the lower scarps, iv) View 

of the lower scarp at locality 25 with person (1.8 m) for scale, v) Topographic profile at 
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Distant view of the scarp at locality 26. viii) View of the scarp at locality 27 north of the San 
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locality 27 with person (1.7 m) for scale, xi) View of the Campo Felice fault scarp, xii) 
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scarp profiles, Piccardi et al. (1999) suggest that the Parasano fault has a postglacial throw-rate 

of 0.48-1.00 mm/yr (0.37-0.78 over 18 ka).

A scarp profile was constructed across the 1915-ruptured fault trace, 1.5 km southeast of 

Pescina (loc.25. Fig. 4.14i). The profile clearly exhibits two scarps (Fig. 4.14Ü, Fig. 4.14iii). 

Highest in elevation is a bedrock scarp, which exhibits 5.5 m of postglacial throw, whereas the 

second lower scarp is located within the Quaternary deposits showing 3.3 m of postglacial 

throw (Fig. 4.14iv). The second scarp continues for more than 200 m towards the southeast, but 

100 m towards the northwest, it coalesces with the higher bedrock scarp. Both upper and lower 

scarps display a total postglacial throw of 8.8 m from which, a throw-rate of 0.49 mm/yr is 

calculated. A second profile was constructed 1.0-1.5 km southeast from Piccardi et al.’s profile 

locations (loc.26. Fig. 4.14v), displaying a postglacial throw of 5.2 m and a throw-rate of 0.29 

mm/yr (Fig. 4.14vi, Fig. 4.14vii). Thus, the above imply that post-glacial throw decreases from 

the center of the fault towards the tips. In conclusion, considering both the profiles described 

above and the data in the literature, it is argued that a maximum throw rate value of 0.5-0.6 

mm/yr applies to the Parasano fault.

4.3.1.2.12.3 The Ventrino Fault

The Ventrino fault is 10 km long (Piccardi, 1995) and located about 4 km northeast of the 

Parasano fault. Following the construction of topographical profiles at the 1:10000 scale, 

Piccardi (1995) calculated a vertical slip-rate of 0.7 ± 0.4 mm/yr averaged over the last 12 kyr, 

however, when calculated for the last 18 kyrs throw-rate is equal to 0.47 ± 0.27 mm/yr. 

However, field observations conducted during this study were unable to confirm these rates.

4.3.1.2.12.4 The San Sebastiano Fault

The San Sebastiano fault strikes almost N-S and is located 2-3 km northeast of the Fucino fault. 

A scarp is observed for several kilometres north of S.Sebastiano village (Fig. 4.14viii) and a 

scarp profile was constructed a few hundred meters north of the village (loc.27). The profile 

exhibits 5 m throw (Fig. 4.14ix), almost equal to the free face height (Fig. 4.14x), yielding a 

throw-rate of 0.28 mm/yr.

4.3.1.2.12.5 The Velino-Magnola Segment Boundary Fault

As mentioned above, several other minor faults exist at both ends of the main Fucino fault. On 

the Magnola fault, Piccardi et al. (1999) measured a throw of 10 m from scarp profiles and
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proposed a vertical slip rate of 0.7 ± 0.3 mm/yr (0.54 ± 0.23 over 18 ka). Galadini and Galli

(2000) use an age of 0.9-1.0 Ma for slope derived breccias displace across the Velino fault to 

calculate a slip-rate of 0.7-0.8 mm/yr. However, for the Velino-Magnola fault, Morewood and 

Roberts (2000) report only 5 m high scarps (0.28 mm/yr) in the central portion of the fault.

4.3.1.2.12.6 The Tre Monti Segment Boundary Fault

The Tre Monti fault is about 6 km long trending NE-SW and based on scarp profiles it has a 

throw-rate of 0.04 mm/yr toward its tips that reaches up to 0.2 mm/yr at its centre (Morewood 

and Roberts, 2000). Morewood and Roberts (2000) suggest that the Velino-Magnola and the Tre 

Monti are minor segment boundary faults accommodating along-strike extension faults, within 

the en echelon step between the major Fucino and Fiamignano faults, because their throw rates 

are lower and their slip directions are plunging towards the south rather than the regional 

southwest direction. The above shows that there is some disagreement over the actual values for 

these faults; in Section 4.3.1.4.2 both the high and low values were used in order to examine the 

implications of these conflicting scenarios.

4.3.1.2.12.7 The Campo Felice Segment Boundary Fault

The Campofelice fault bounds the north-eastern edge of the Piano di Campofelice and according 

to Morewood and Roberts (2000) displays a maximum scarp throw of 4 m (0.22 mm/yr) that 

decreases to 0.5 m towards the north-western end. However, Galadini and Galli (2000) estimate 

a maximum vertical slip rate of 0.8-1.3 mm/yr for this fault using observations of moraines 

supposedly offset by the fault. As these values are significantly different and because this fault 

exhibits a spectacular fault scarp (Fig. 4.14xi), a scarp profile was constructed at locality 28. 

The profile revealed an 8.8 m vertical offset, providing a post-glacial throw rate of 0.49 mm/yr 

(Fig. 4.14xii). This scarp exhibits a 4 m high free face (Fig. 4.14xiii) similar to the postglacial 

throw estimation made by eye by Morewood and Roberts (2000) who probably underestimate 

the impact of scarp degradation on the scarp throw. Again, the above shows that there is some 

disagreement over the actual throw rate values for these faults; in Section 4.3.1.4.2, both the 

high and low values are used to examine the implications of these conflicting scenarios.

4.3.1.2.12.8 The Piano di Pezza Segment Boundary Fault

The Piano di Pezza fault is an 8 km long WNW-ESE fault that borders the northeastern part of 

Piano di Pezza plain. A wind gap produced by this fault at the Vado di Pezza gorge transformed 

the plain into a closed basin (Salvi and Nardi, 1995; Pantosti et al., 1996). Most of the plain is

137



Chapter 4

filled by Late Pleistocene moraines (18 kyrs ago, Cassoli at al., 1988). Pantosti et al. (1996) 

estimate for the Piano di Pezza fault a throw-rate of 0.6-1.1 mm/yr from trenching data and a 

throw-rate of G.8-2.3 mm/yr from scarp profiles, with the lower rates preferred by these authors. 

Trenching studies showed that this segment did not rupture during the 1915 event, but revealed 

three Holocene surface faulting events, one in the Middle Ages (860-1300 A.D.), one about 

1900 B.C. and the oldest between 3300 and 5000 B.C., indicating that the average recurrence 

interval is longer than a millennium and as long as 3300 years (Pantosti et al., 1996).

4.3.1.2.12.9 The Gioia Vecchio Segment Boundary Fault

The Gioia Vecchio fault was recognized 3 km southwest of Bisegna village (Fig. 4.14i). This 

fault may be a segment boundary fault accommodating along strike extension within the 

stepover between the Fucino and the Pescasseroli major faults. A scarp profile was constructed 

about 1 km northwest of Gioia Vecchio (loc.29). The profile revealed two scarps; a main 

bedrock scarp that is 8.4 m high and a smaller secondary scarp, 1.5 m high that is situated 18 m 

away from the bedrock scarp into the hangingwall and offsets Holocene soil (Fig. 4.14xiv). The 

total postglacial throw is 9.9 m, yielding a throw-rate of 0.55 mm/yr. The preservation of the 

secondary scarp on the Holocene soil colluvium in the lower slope could represent surface 

ruptures associated with a relatively recent event.

4.3.1.2.13 The Aremonga-Cinque Miglia Fault

The Cinque Miglia fault has a complex surface expression. It does not exhibit any prominent 

outcropping fault plane, but is composed of several small scarps. However, these scarps do not 

offset glacial deposits at the surface, but occurring within Holocene soil (Fig. 4.15). As a result, 

no topographic profiling was undertaken. Nevertheless, Giraudi (1987) and D’ Addezio et al.

(2001) based on trenching data and topographic profiles on dated offset soils, report minimum 

Holocene vertical slip rate of 0.3-0.5 mm/y, for the Cinque Miglia fault. Additionally, D' 

Addezio et al. (2001) suggest that the Cinque Miglia fault hosted one of the events of the 1349 

seismic sequence.

4.3.1.2.14 The Sella di Corno Fault

The Sella di Como fault displays at least a 6 m postglacial throw toward its central portion 

(loc.23, Fig. 4.16) with a latest Pleistocene to Holocene throw-rate of 0.33 mm/yr, but the scarp
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Figure 4.15 View of the Cinque Miglia fault scarps, displacing Holocene sediments. Arrows 

indicate the fault scarp traces.

Figure 4.16 Topographic map for the Sella di Como fault (After Roberts and Michetti, in 

press). Numbers on grid lines are UTM coordinates.

Figure 4.17 i) Topographic map for the Cassino fault (After Roberts and Michetti, in press). 

Numbers on grid lines are UTM coordinates, ii) View of the scarp at locality 22 with person 

(1.7 m) for scale.
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is heavily disturbed by road construction. As a result, there are uncertainties concerning this 

value. However, further evidence for recent activity along this fault is illustrated in the literature 

(Demangeot, 1965) and supported by recent studies (Guerrieri et al., 1997).

4.3.1.2.15 The Rieti Fault

The Rieti fault is the northwestemmost active fault in the study area. No postglacial scarps from 

which throw-rate estimations can be revealed, have been identified. However, published data on 

Holocene throw-rates report 0.4 mm/yr for the Rieti fault through trenching investigations 

(Michetti et al., 1995b). However, Galadini and Galli (2000) question these rates, support that 

the role played by the gravitational movements is not clear and consider that the knowledge of 

this fault is too limited to extract reliable conclusions in terms of seismic hazard assessment.

4.3.1.2.16 The Cassino Fault

The Cassino fault is the southeastemmost active fault in the study area. Evidence of Holocene 

offset along the Cassino fault have been described by Bosi and Mercier (1992) based on the 

displacement of Pleistocene terraces. The Cassino fault displays a 5 m postglacial throw (Fig. 

4.17Ü) towards its centre (loc.22, Fig. 4.17i), implying a latest Pleistocene to Holocene throw- 

rate of 0.28 mm/yr.

4.3.1.2.17 Summary and throw-rate comparison with published values

4.3.1.2.17.1 Comparison with Roberts and Michetti (in press)

The results and the observations displayed above mostly agree with the observations of Roberts 

and Michetti (in press) with a few important differences. Like these authors, it has been shown 

that throw-rates of individual faults vary along strike their length. More specifically, individual 

faults exhibit higher throw-rates close to their centres, diminishing towards their tips. 

Additionally, centrally located faults exhibit significantly higher throw-rates (up to a factor of 6- 

7) than distal faults (Fig. 4.18a).

For the majority of the faults similar throw-rate values are extracted (± 20% or within error 

bars) to that estimated from Roberts and Michetti (in press) (compare Tables 4.2 and 4.3). For
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the Pescasseroli, Liri and Sulmona faults this study measures 30-40 % lower throw-rate values 

(0.51 mm/yr, 0.82 mm/yr and 0.84 mm/yr instead of 0.83 mm/yr, 1.11 mm/yr and 1.10 mm/yr 

respectively), whereas for the Fiamignano fault a 25 % higher throw-rate value is extracted 

(1.08 mm/yr instead of 0.83 mm/yr). Finally, for the Trasacco and Scurcola faults there is a 

significant (factor of 2) difference between measured throw-rate values from this study and that 

of Roberts and Michetti (in press). In particular, a throw-rate of 0.38 mm/yr and 0.41 mm/yr is 

measured for the Trasacco and the Scurcola faults respectively, compared to their 0.83 mm/yr 

estimate for both faults.

4.3.1.2.17.2 Throw-rate comparison with other published values

In this subsection throw-rate values extracted from this study (Table 4.3) are compared with 

other published values (Table 4.1) to conclude whether throw-rate values extracted from 

different workers for the same faults are in agreement or not. As is evident from Tables 4.1 and 

4.3, throw-rates extracted from different sources and techniques compare fairly well, for many 

faults (e.g. the Leonessa fault, the Barete fault, the Parasano segment), adding confidence to 

these values. For other faults even though different throw-rates are reported, their values are 

consistent with the expected fault geometry. Throw-rates vary along the strike of individual 

faults, exhibiting higher values towards their centre. As a result, it is important to consider from 

what part of the fault, throw-rates are extracted. For example, based on displaced lake 

sediments, Vittori et al. (1995a) estimate a long-term slip-rate in the range of 0.1 mm/yr for the 

Sulmona fault. However, their observations are extracted near the NW tip of the fault, a few 

kilometres south of the Popoli village instead of the centre of the fault, where the maximum 

throw would be expected for an ideal isolated fault (e.g. Watterson, 1986). As throw-rate is zero 

at the tip of a fault, the estimate of 0.84 mm/yr from this study (loc.9. Fig. 4.7iii, Table 4.3) 

extracted from the centre of the fault (Fig. 4.7i) is consistent with the above lower throw-rate 

being nearer to the fault tip.

However, for few faults reported throw-rate values differ significantly. These faults are the 

Fiamignano (0.55 mm/yr Morewood and Roberts, 2000; 1.08 mm/yr from this study), the 

Velino-Magnola fault (0.7 ± 0.3 mm/yr averaged over 14 ka (0.54 ± 0.23 over 18 ka) Piccardi et 

al., 1999; 0.7-0.8 mm/yr Galadini and Galli, 2000; 0.28 mm/yr Morewood and Roberts, 2000), 

and the Campo Felice fault (0.8-1.3 mm/yr Galadini and Galli 2000; 0.22 mm/yr Morewood and 

Roberts, 2000; 0.49 mm/yr from this study). The reasons for these different estimates of throw- 

rate values have been analysed in the previous section. Trenching studies or cosmogenic dating 

could possibly provide more information regarding these few faults in the future.
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4.3.1.3 Summed throw-rate profiles

In this section, a cumulative throw-rate diagram has been constructed by summing values 

between faults located across strike. This incorporates both the values extracted from this study 

as well as the values extracted from the literature (see Section 4.1.2).

4.3.1.3.1 Methodology

In order to have a complete picture of the deformation rate spatial distribution as well as to 

calculate the maximum summed throw/heave rate for comparison with GPS data and summed 

seismicity rates, throw rate profiles for individual faults were constructed and the values were 

then summed across strike to produce a single composite throw-rate profile. For each fault a 

diagram of throw-rate versus distance along the fault was constructed (Fig. 4.18a). For fault 

structures such as the Fucino fault which consist of several overlapping segments, all the 

individual throw rates of each segment were added to the main fault. Data for all the recognized 

active faults in the area were then projected across strike to construct a NW-SE trending 

composite profile (Fig. 4.18b the line from B to C is visible also on Fig. 4.1b). Values were 

summed along transects located every 5 km along strike, with transects oriented perpendicular 

to the overall NW-SE fault strike.

4.3.1.3.2 Results and Interpretation

Throw-rates along individual faults decrease from a maximum close to their centres to a 

minimum close to fault tips (Fig. 4.18a). Also, centrally located faults exhibit significantly 

higher throw-rates compare to the distal faults. When summed across strike, throw-rates 

decrease from a maximum in the centre of the array of faults (3.9 ±0.8  mm/yr) to a minimum 

close to the positions of the NW and SE tips of the Rieti and Cassino faults, respectively (Fig. 

4.18b).

4.3.1.4 Extension rates

4.3.1.4.1 Results

Converting throw-rates into heave-rates using a 45° fault dip suggests that the maximum 

extension rate across the strike of Lazio-Abruzzo is 3.9 ± 0.8 mm/yr and tapers to zero both 

towards the northwest and the southeast. Large seismogenic normal faults are approximately
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planar in cross section and in their great majority have dips in the range between 30° and 60° 

(Jackson, 1987; Jackson and White 1989). Throw rates have been converted into heave rates, 

assuming a planar fault geometry and a 45° fault dip, therefore a maximum extension rate of 3.9 

±0.8 mm/yr is calculated. Although most of the surface exposed fault planes described above, 

exhibit steeper dips (45°-65°), limited data are available concerning the fault geometry at depth. 

No focal mechanisms of large events are available to resolve this issue. However, the focal 

mechanisms of the moderate 1984 Lazio-Abruzzo earthquakes (Ms=5.8 and Ms=5.2) had 46°- 

48° dips (Westaway et al., 1989). It is suggested that a 45° fault dip value, is probably a lower 

bound for the normal faults in central Apennines, thus providing a maximum value for the 

heave-rate. If a higher fault dip value is used, such as 50°, moderately lower maximum 

extension rate of 3.27 ± 0.67 mm/yr is calculated and if an even higher dip of 60° is used, a 

significantly lower extension rate of 2.25 ± 0.46 mm/yr is implied. As a result, it is argued that 

the 3.9 ± 0.8 mm/yr should be regarded as a maximum value. This is a reasonable rate for an 

extensional tectonic setting and is similar to the 2.7 ±1.3  mm/yr extension rate calculated for 

the Basin and Range (Martinez et al., 1998), but lower than the Corinth Gulf (10-15 mm/yr 

Billiris et al., 1991; Briole et al., 2000), which is one of the fastest extending regions worldwide.

4.3.1.4.2 Comparison with GPS data.

As mentioned in Section 4.1.2, the measurement of DAgostino et al. (2001b) are well 

constrained spatially and thus offer the possibility for a detailed comparison with the rates 

extracted from individual faults during this study. DAgostino et al. (2001b) measured extension 

in the period 1994-1999 across the studied faults using GPS. They found an average of 6 ± 2 

mm/yr extension localised within polygon 2 shown in Figure 4.1c. No large earthquakes 

occurred within this time period so their measurements represent interseismic elastic strain 

accumulation. They compared their data with an active fault map reported by Galadini and Galli 

(2000). DAgostino et al. (2001b) found that the active faults noted by Galadini and Galli 

(2000) could not account for the strain measured with GPS. However, other data (Michetti et al., 

1995b; Vittori et al., 1998; Morewood and Roberts, 2000; Michetti et al., 2000b; Roberts and 

Michetti, in press) as well as this study show that there are more active faults within polygon 2 

studied by DAgostino et al. (2001b) than those reported by Galadini and Galli (2000). These 

faults are the Fiamignano, Sella di Como, Carsoli, Scurcola, and Liri faults plus the Fucino, the 

Piano di Pezza, the Velino and the Campofelice faults which in this study, following Morewood 

and Roberts (2000), are interpreted as secondary structures related to along-strike stretching in 

the step-over zone between the Fiamignano and Fucino faults. Thus, rates of extension recorded 

over the last 18 kyrs can be compared, with that in the 6 year period 1994-1999. This can
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indicate whether measurements of short-term interseismic strains provide a good estimate of the 

long-term surface slip associated with large magnitude earthquakes.

In order to calculate the total extension rate indicated by postglacial offset during the last 18 kyr 

within Polygon 2, the throw-rates between parallel faults located within the Polygon 2 have 

been summed (Fig. 4.1b, Fig. 4.1c) along 9 transects perpendicular to the fault strikes (Fig. 

4.19a). Assuming pure dip-slip extension for the region as a whole (Roberts and Michetti, in 

press), so that heave-rates are the same as extension rates, the throw-rate values have been 

converted into heave-rates for comparison with extension rates from GPS by assuming a 45° 

fault dip, a value that is probably a lower bound for normal faults (e.g. Jackson and White, 

1989), thus providing a maximum value for the heave-rate. These heave values represent the 

amounts of finite extension recorded over a number of earthquake cycles, the exact number of 

which is not known, but is variable depending on whether the heave rates are averaged over 18 

ka or the age of Holocene soils (e.g. trench sites). The minimum number of earthquake cycles is 

probably 2, as evidenced by the 2 palaeoearthquakes with metre-scale surface faulting 

earthquakes (c. Ms 6.5-7.0) recorded at the trench site at the end of the Fucino Fault in the Piano 

di Pezza (Pantosti et al., 1996). The throw/heave rates have been summed in a number of ways 

to derive what are considered to be maximum and minimum values.

Firstly the values extracted from this study are plotted. The values are calculated not only over 

18 kyrs years, which is the preferred time period, but also over 14 kyrs (which increases the 

values) in case the age of the post-glacial slopes have been incorrectly identified (see Section 

4.2). Figure 4.19a shows that the greatest summed heave along any transect is 2.6 ± 0.45 mm/yr 

(the preferred value for the 18 ka calculation is 2.0 ± 0.4 mm/yr), a value less than 45% of the 

average value measured with GPS. The preferred value for the 18 kyrs calculation is 2.0 mm/yr, 

which is about one third of that inferred from geodesy.

Secondly, others authors claim higher throw-rates on the Velino and Campo Felice faults (0.7- 

0.8 mm/yr on the Velino Fault, and 0.8-1.3 mm/yr on the Campo Felice fault, Galadini and Galli

2000); compared to the preferred values from Morewood and Roberts (2000) of 0.28 mm/yr for 

Velino fault and 0.49 mm/yr from the scarp profile on the Campo Felice fault at locality 28, 

respectively). Thus, the maximum throw-rates reported by these authors (0.7 mm/yr for Velino,

1.3 mm/yr for Campo Felice) and the maximum reported throw-rate value of 1.2 mm/yr for the 

Ovindoli-Pezza fault, (compared to the 0.6 mm/yr used in Figure 4.19a, which is the preferred 

value of Pantosti et al., 1996) were used to construct a second set of profiles (Fig. 4.19b). Since 

the authors do not present any data concerning the change in throw-rate along strike of these 

faults, throw-rate values are assumed to be constant along the entire fault length, presumably
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Figure 4.19 Comparison of extension rates measured with GPS in the Polygon 2 shown in 

Figure 4 .Id, with heave/throw rates for the active faults in the same polygon. The grey 

shading represents the along-strike extent of the polygon shown in Figure 4.1c and Figure 

4.Id. a) The data collected and presented in this chapter which are the preferred values, b) 

Alternative data from Galadini and Galli (2000) assuming that the maximum throw-rate 

values are maintained along the entire fault length. No error bars are referred in their study, c) 

The values extracted from this study are combined with the higher reported throw-rate values 

from Galadini and Galli (2000) (Fig. 4.19b) by removing the preferred values for these three 

faults (Velino-Magnola, Campo Felice and Ovindoli-Pezza faults) and substituting the higher 

reported values shown in Figure 4.19b.
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leading to an over-estimate aggregate summed throw-rate. No active faults are reported by these 

authors for the NW end of the grey box. Figure 4.19b shows a deficit of extension at the NW 

end of the grey box and a maximum summed heave of 3.2 mm/yr, a value less than 55% of the 

value measured by GPS.

Thirdly, the preferred values (extracted from this study) are combined with the higher reported 

throw-rate values (from Fig. 4.19b) by removing the preferred values for these three faults and 

substituting the higher reported values shown in Figure 4.19b, to produce maximum values, 

again calculated over 18 ka and 14 ka time periods (Fig. 4.19c). The greatest summed extension 

along any transect is 4 mm/yr (or 5.1 mm/yr over 14 ka), a value within error of the average 

value measured with GPS. It is emphasised however, that the preferred values are displayed in 

Fig. 4.19a and show that there is a strain deficit of 2-4 mm/yr. It is also noted that D’Agostino et 

al. (2001b) resolve no strain in polygon 1. However, throw-rate measurements averaged over 18 

kyrs, imply a summed extension rate value up to 2 mm/yr across the Campo Imperatore and L’ 

Aquila faults.

4.3.1.4.3 Possible scenarios

Geodetic surveys collected via GPS are an extremely useful tool for measuring present day 

deformation rates. However, it is unclear how geodetic data should be extrapolated over longer 

time periods. In Section 4.3.1.4.2, deformation rates gathered from a GPS study (DAgostino et 

al. (2001b) were compared with geological rates extracted from this study. The GPS 

measurements of D’Agostino et al., 2001b) offer a high spatial resolution enabling the 

comparison with the fault specific throw-rates presented in this study. Results show that in 

polygon 1, although several active faults exist which have slipped a number of times since 18 

ka, no significant rate of extension was measured with GPS. On the other hand, in polygon 2, an 

extension rate of 6 ± 2 mm/yr was measured with GPS, but the preferred rates from this study 

over 18 kyrs do not exceed 2 mm/yr (Fig. 4.19a). These results can be interpreted in several 

ways (Papanikolaou et al., in press).

It may be that the higher values for surface slip used by Galadini and Galli (2000) when 

combined with the values of this study, are correct and that post-glacial fault slip should be 

averaged over 14 kyrs rather than the preferred 18 kyrs value; with these provisos, the long-term 

and short-term strains are similar within error (Fig. 4.19c). In this scenario interseismic strain 

measured with GPS would be an accurate proxy for the surface fault slip that accumulated over 

14 kyrs. As surface slip documented from trench sites and following historical earthquakes
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invariably occurs in decametre to metre-sized slip events associated with large magnitude 

earthquakes (>Ms 5.5), it is implied that the entire 6 ± 2 mm/yr extension is released in large 

magnitude earthquakes. However, as described above, lower rates are preferred for these three 

faults (Velino, Campo Felice and Piano di Pezza) and the 18 kyrs value for averaging post

glacial slip.

Alternatively, if the values from this study and those from the GPS study are correct (Fig. 

4.19a), then 2-4 mm/yr of extension occurs without surface slip on the faults we study. 

Assuming the GPS study is correct, either major faults that have slipped at the surface have 

been missed or slip occurs through distributed aseismic creep at the surface. It is argued that, 

neither of these explanations are satisfactory. The former implies that this and other studies (e.g. 

Pantosti et al., 1996; Michetti et al., 1996; Piccardi et al., 1999; Galadini and Galli, 2000) have 

missed major faults, even though such structures tend to have an obvious geomorphic 

expression in central Italy. The latter implies that the majority of slip occurs in small 

earthquakes (M<5.5) that do not break the surface or most likely aseismically and will not be 

recognisable in trenches, even though such studies have established that historic and pre-historic 

earthquakes have produced localised surface slip of magnitudes that are essentially in 

accordance with the rate of seismic moment release (Westaway, 1992).

On the other hand, it may be that a longer measurement interval using GPS may provide values 

similar to the preferred values from offset 18 ka features and Holocene offsets in trenches. 

Indeed, other longer-term geodetic data (Hunstad and England, 1999) suggest an upper bound 

on the extension rate of 3 mm/yr following repeated triangulation measurements between 1869- 

1963, although it is acknowledged that these data are not geographically coincident with the 

dataset presented in this study.

It is premature to decide which of the above scenarios is correct. More and better GPS data are 

needed to resolve this issue as well as a better understanding of strain-rate histories for fault 

rocks on individual faults within arrays of faults that are interacting through Coulomb stress 

transfer (Papanikolaou et al., in press). In conclusion, this discrepancy between geodetic and 

geological fault slip-rate data, implies that we have to be cautious, wherever we use GPS data 

for seismic hazard assessment purposes or when attempting to reconstruct the tectonic processes 

in a area, because geodetic data may be unrepresentative of the longer-term deformation rates.
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4.3.1.4.4 Discussion on extension rates

As described in Section 4.1.2 (see also the following Table 4.4), there is no agreement regarding 

the extension rate value, but all published data report values ranging from 1 to 6 mm/yr. The 

maximum extension rate extracted from this study (c. 3.9 ± 0.8 mm/yr) is similar to the values 

reported from other researchers (Anderson and Jackson, 1987; Jackson and McKenzie, 1988; 

Westaway, 1992; Roberts and Michetti, in press).

Table 4.4 Published extension rate estimates in central Apennines

Published by Extension rate 

(mm/yr)

Notes

Anderson and Jackson (1987) ~3 Seismic moment summation over 40 yrs

Jackson and McKenzie (1988) ~3 Seismic moment summation over 80 yrs

Westaway (1992) ~5 Seismic moment summation over 400 yrs

Pondrelli et al., (1995) ~1 Seismic moment summation over 16 yrs

Selvaggi (1998) 1.6 Seismic moment summation over 700 yrs

Hunstad and England (1999) 3 (upper bound) Repeated triangulation measurements

Galadini and Galli (2000) 0.7-1.6 Fault throw-rate data from paleoseismological 
studies (trenching and scarp profiling)

D’Agostino et al., (2001b) 6 ± 2 GPS in the period 1994-1999

Roberts and Michetti (in press) 4.4 ± 0.8 Fault throw-rate data from paleoseismological 
studies (trenching and scarp profiling)

Hunstad and England (1999) suggest that the strain in the central Apennines is too small to be 

detected from repeated triangulation measurements and propose an upper bound of 3 mm/yr. 

Considering that the study presented in this chapter calculates an extension rate ranging from 

2.25 ± 0.46 to 3.9 ± 0.8 mm/yr for fault planes dipping 60° and 45° respectively the conclusions 

of Hunstad and England may also be compatible with values preferred in this thesis.

Other researchers based on seismic moment summation calculate significantly lower extension 

rates. In particular, Pondrelli et al. (1995) calculate an extension rate of 1 mm/yr (over a very 

short time interval of 16 years), and Selvaggi (1998), calculate an extension rate of 1.6 mm/yr, 

over a longer time interval of 700 years. However, individual faults in the investigated area have 

large recurrence intervals (ranging from 500 to 3600 years) implying that several tens or a few 

hundred of years of historical seismicity cannot offer a complete picture of the extension rate 

(Pantosti et al., 1996; Galadini and Galli, 2000; D' Addezio et al., 2001; Roberts and Michetti, 

in press).
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On the other hand, Galadini and Galli (2000) based on fault throw-rate data derived from 

paleoseismological studies (trenching and scarp profiling), thus following a similar approach to 

this study, calculate extension rates ranging between 0.7-1.6 mm/yr (for fault planes dipping 60° 

and 45° respectively). It is argued here that Galadini and Galli (2000) have underestimated the 

extension rate because they: i) suggested several faults such as the Liri, the Trassaco and the 

Fiamignano faults, were inactive yet whose activity was documented in the previous section, ii) 

appear unaware of other active faults such as the Carsoli, the Sella di Como and the Scurcola 

faults, and iii) did not utilise published deformation rates which demonstrate higher slip-rate 

values (e.g. 1.6 mm/yr on the Fucino fault from Michetti et al., 1996). In addition, several 

workers described above (with the exception of Roberts and Michetti in press) have used a 

uniform throw-rate value along the faults, but it has been demonstrated that throw-rates vary 

along strike the faults (e.g. Fig. 4.18a). If a uniform extension rate along the faults is considered, 

extension rates tend to be exaggerated along any given transect which crosses a fault at a 

position, which is not located at the point of maximum throw-rate on the fault.

4.3.1.5 Discussion

Deformation rate data presented in this chapter are averaged over 18 kyrs, a time span that is 

probably long enough to eliminate both the incompleteness of the historical record as well as 

temporal earthquake clustering problems. All faults described above are active and capable of 

hosting large magnitude earthquakes because they have undergone slip at the surface. In 

contrast, the historical record confirms surface ruptures only for the Fucino fault (Oddone, 

1915) and the Barete fault (Blumetti, 1995). Thus, it is clear that the historical record does not 

include rupture of every fault in the region for which post-glacial surface fault slip has been 

demonstrated. As a consequence, it is argued that the throw-rates reported in this study represent 

the long-term seismic behaviour of faults in the region more completely than the 

historical/instmmental earthquake record.

Centrally located faults exhibit higher throw-rates than distal faults (Fig. 4.18a). As a result, 

these central faults pose a greater seismic hazard than distal faults in that they will rupture more 

frequently if all surface slip accounts through a given earthquake magnitude. The healing- 

reloading feedback mechanism on the growth rate of seismogenic faults described by Cowie 

(1998), based on the concept of stress triggering of earthquakes (Stein at al., 1992), can provide 

a physical explanation for this phenomena. This mechanism is based on the observation that 

seismic rupture of a fault perturbs the surrounding stress field, advancing the occurrence of 

future earthquakes on some faults that are optimally oriented and located, while relaxing stress
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on others which are not (King et a l, 1994). This results in higher throw rate values on faults 

located centrally within a fault array since they are reloaded more often, compared with distal 

faults (Cowie, 1998; Cowie and Roberts, 2001). All faults described above, appear to be 

interacting and form a 158 km long soft linked fault array, because the aggregate throw-rate 

profile (Fig. 4.18b) suggest they behave as a single structure (see also Roberts and Michetti, in 

press). As a result, there is a strong positive correlation between throw-rates and distance along 

strike the fault array (Roberts and Michetti, in press).

Roberts and Michetti (in press) collected also finite throw data and compared them with the 

throws that would have developed if present day throw-rates were allowed to run since the fault 

initiation age. Based on this comparison they suggested that the time elapsed since the 

interaction onset and the development of higher throw-rates on centrally located faults is 

relatively short (-0.7 Ma). Roberts and Michetti (in press) showed that this is consistent with 

the fact that there is a weak correlation between throw/length ratios and maximum finite throws 

with distance along strike the fault array, implying that fault throws have not yet had time to 

adjust to the new growth rates in contrast to throw rates. Similar cases where the displacement 

profiles begin to re-adjust prior to physical linkage have been observed among others in 

Volcanic Tableland in California (Dawers and Anders, 1995) and in Lake Malawi (Conteras et 

al., 2000). An interesting example following a post-linkage profile re-adjustment is offered by 

Mcleod et al. (2000) based on seismic reflection profiles from the North Sea. Mcleod et al.

(2000) have been able to constrain the timing of segment linkage and quantify the rate of fault 

displacement and how it varies through time. They found that at the time of segment linkage the 

throw-rate near the fault centre increased from about 0.055 mm/yr to more than 0.092 mm/yr, 

implying an almost two fold increase. However, the Lazio-Abruzzo is the only example 

involving active faults that the interaction onset has been traced in time. In Chapter 5, a similar 

analysis to that followed by Roberts and Michetti (in press) is performed in order to investigate 

if a similar process is taking place in the region of southern Apennines.

Roberts and Michetti (in press) estimate maximum extension rates of 4.4 ± 0.8 mm/yr close to 

the centre of the array, decreasing in both directions along strike. Their estimate is similar to the 

maximum extension rate value extracted from this study (c. 3.9 ± 0.8 mm/yr). This chapter 

based on Papanikolaou et al. (in press) offers an updated and more accurate measurement of 

throw-rates, through the construction of scarp profiles, compared to Roberts and Michetti (in 

press) throw estimations by eye. Overall, this study covers most of their localities and provides 

a few new sites. In conclusion, although some throw rate measurements are slightly modified; 

these updated data pose no difference to the interaction story described by Roberts et al. (2002)
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and Roberts and Michetti (in press) (as it is also evident from Figure 4.18) and strengthen their 

interpretation.

Throw-rate data is also inconsistent with the idea that extension rates are controlled by rotation 

of rigid plates about an Euler pole in the northernmost Apennines (Anderson and Jackson, 1987; 

Westaway et al., 1989). This hypothesis predicts that extension rates increase linearly to the 

southeast. However, summed throw-rates clearly decrease to zero, towards the southeastern part 

of the study area. In the following Chapter 5, deformation rate data from the southern 

Apennines will provide more evidence that is inconsistent with this hypothesis as it will be 

demonstrated that extension rates across the southern Apennines are lower that in Lazio- 

Abruzzo.

Finally, a database on long-term fault throw-rates is presented (Table 4.3). This database 

bolstered with published deformation rate data (Table 4.1) has been used as a data input for the 

construction of a hazard map for Lazio-Abruzzo (Sakellariou, 2001). In Chapter 7 the database 

of Roberts and Michetti (in press) will be used later in this thesis for the construction of a 

seismic hazard map for Lazio-Abruzzo. In Chapter 7 this long-term throw-rate database is 

compared with a database on short-term throw-rates extracted from the historical record. 

Through this comparison one might be able to differentiate faults that are currently in a cluster 

of earthquakes from faults that are currently in an anticluster, providing important insights into 

seismic hazards.

4.3.2 PREDICTED THROW-RATES

4.3.2.1 Methodology and application

As discussed above, all faults in the study area appear to interact through their stress fields and 

form a 158 km long soft linked fault array, which behaves as a single structure. The latter 

implies that the equation presented from Cowie and Roberts (2001) which predicts throw-rates 

and described in detail in Chapter 2, can be used to predict relative throw-rate difference 

between different faults in the array. The input data are the fault system length as well as the 

length of each of the faults comprising the whole array, and a single well-defined throw-rate 

measurement. The reasoning behind this process is presented in the following paragraph.

Fault scaling arguments imply that central faults that link/interact with others to form a longer 

system must have an enhanced throw-rate relative to distal faults in order to re-adjust their
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throw profiles so as for the longer fault to re-establish the displacement length ratio that existed 

prior to linkage/interaction. Cowie and Roberts (2001) suggest that the variation in slip-rates 

along a fault array is modelled by calculating the enhancement factor E= 2Ri/Li, where Li is the 

length of the i-th fault segment and Ri is the distance between the segment midpoint and the 

nearest tip of the overall array (see Section 2.6). However, Roberts et al. (in press) modified the 

work of Cowie and Roberts (2001) so as to deal with closely spaced parallel and overlapping 

active faults. Parallel and overlapping active faults will share the strain across the region and 

consequently will slip less often than an equivalent single fault. Roberts et al. (in press) have 

chosen to multiply the enhancement factor for a fault by 0.5 if another fault is located less than 

15 km across strike and overlaps by more than 50% of the two fault lengths. If three faults exist 

less than 15 km across strike and overlap by more than 50% of the fault lengths, the 

enhancement factor for each of these three faults will be multiplied by 0.33. In the final step, 

relative values are normalised to a well constrained throw- rate value in order to extract absolute 

values. The predicted values are presented in Table 4.5.

4.3.2.2 Comparison between measured and predicted throw-rate values

A quantitative analysis is performed in order to compare the measured and predicted throw-rate 

values. This comparison includes all faults except the Maiella fault where no measured values 

are available. The analysis shows a high positive correlation (R^=0.60) between measured and 

predicted values (Fig. 4.20). The unfit of the curve in the lower values are due to across-strike 

interactions that take place between faults. This positive correlation is consistent with the 

hypothesis that deformation rates are influenced by the fault scaling relationship described in 

Chapter 2.

4.3.2.3 Implications for seismic hazards

The method of Cowie and Roberts (2001) provides a means to quantitatively validate measured 

throw-rates; the predicted values compare reasonably well with the measured values suggesting 

that the latter are reasonable values. This provides a greater degree of confidence to the 

described deformation rate pattern, and thus to the seismic hazard assessment of the study area. 

If measured values are very different to the predicted values, they are unlikely to be correct, 

because they will produce a D/L pattern that does not accord with the global D/L pattern 

according to which central faults that form part of an interacting array have higher ratios. 

Finally, in Chapter 7, a seismic hazard map constructed from the predicted values is presented
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TABLE 4.5 Predicted throw -rate values

Fault Li 2Ri 2Ri/Li Normalised 

to Fucino

Pr 50% <O verlap & 

Spacing < 15km

M.F. Final

Pr

Rieti 24 24 1.00 0.25 0.49 Leonessa (8km spacing) 0.5 0.25

Leonessa 20 30 1.50 0.37 0.74 Rieti (8km spacing) 0.5 0.37

Sella di Corno 25 64 2^6 0.63 1.26 Bare te (12km spacing) 0.5 0.63

Fiamignano 28 85 3.04 0.75 1.50 Carsoli (13km spacing) 0.5 0.75

Carsoli 25 95 3jW 0.94 1.87 Fiamignano (13km) 
Scurcola (8km spacing)

033 0.62

Scurcola 35 116 3.31 0.82 1.63 Carsoli (8km spacing) 0.5 0.82

Fucino 36 146 4.06 1.00 2.00 None 1.0 2.00

Liri 40 139 348 &86 1.71 Trassaco (7km spacing) 0.5 0.86

Trassaco 31 116 3.74 0.92 1.84 Liri (7km spacing) 0.5 0.92

Pescasseroli 22 86 3.91 0.96 1.93 Cinque Miglia (12km) 0.5 0.96

Cassino 31 31 1.00 0.25 0.49 None 1.0 0.49

Barete 22 68 3CW 0.76 1.52 Sella di Corno (12km) 0.5 0.76

L'Aquila 37 112 3.03 0.75 1.49 Campo Imperatore 

(12km)
0.5 0.75

Campo

Imperatore

26 124 4.77 1.17 235 L’ Aquila (12km spacing) 0.5 1.17

Sulmona 24 124 5.17 1.27 2.55 Maiella (7km spacing) 0.5 1.27

Cinque Miglia 20 80 4.00 0.99 1.97 Pescasseroli (12 km) 0.5 0.98

Maiella 22 108 4.91 1.21 242 Sulmona (7km spacing) 0.5 1.21

Li: the length of the fault, Ri: the distance from the fault midpoint and the nearest end of the fault array. 

Norm: Normalised value, Pr: Predicted value, M.F.: Modification factor (If 2 faults are within 15 km 

across strike and overlap by 50% then the factor is 0.5, If 3 faults are within 15 km across strike and 

overlap by 50% then the factor is 0.33, if a fault does not overlap more than 50% with a neighboring fault 

and located more than 15 km away from the nearest fault across strike the factor is 1.0).

M easured/Predicted values
2.5

y = 0.8635x-0.0584 
= 0.604

2.0

0.5

0.0
2.0 2.50.50.0

Predicted values (mm/yr)

Figure 4.20 Graph showing the relationship between measured and predicted throw-rate values.
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and compared with the hazard map based on the measured values, illustrating the direct 

implications of this method to seismic hazards.

4.4 CONCLUSIONS

All faults described in this chapter are capable of hosting large magnitude surface rupturing 

earthquakes because they have undergone slip at the surface (Section 4.3.1.2). The historical 

record does not include rupture of every fault in the region for which post-glacial surface fault 

slip has been demonstrated. Deformation rate data collected in this study are averaged over 18 

kyrs (Table 4.3), and as a consequence it is suggested here that they represent the long-term 

seismic behaviour of faults in this region more completely than the historical/instrumental 

earthquake record, even though this is tested in detail in Chapter 7.

Throw-rates extracted from scarp profiles match fairly well with paleoseismological trench site 

data (Section 4.3.1.2.17). In the case of a trench, the derived rate is constrained at just one point 

along the scarp and the limited depth range (generally < c. 5 metres) restricts the study of 

ancient earthquakes to a limited span of geological time. On the other hand, scarp profiling may 

be unsatisfactory as far as the temporal resolution and the recognition of separate events is 

concerned, but it is quick, simple and offers sufficient geographic coverage providing 

information about fault slip-rate at much broader spatial and temporal scales. Therefore, scarp 

profiling is a valuable tool for seismic assessment purposes.

Throw-rates of individual faults vary along strike their length (Section 4.3.1.3). More 

specifically, individual faults exhibit higher throw-rates close to their centres that diminish 

towards their tips. Additionally, centrally located faults exhibit significantly higher throw-rates 

(up to 6-7 fold) than distal faults. These observations have very important implications for 

seismic hazard assessment and demonstrate that the hazard distribution varies significantly not 

only over a few kilometers along strike individual faults, but also over tens of kilometers along 

strike the whole fault array due to fault interaction processes. This is in contrast to existing 

seismic hazard maps where the hazard distribution within the seismic zones is assumed to be 

uniform.

Deformation rate data extracted from this study are in agreement with existing fault growth 

models (Section 4.3.1.5), which imply that the 158 km long soft linked fault array behaves as a 

single structure so that centrally located faults exhibit higher throw-rates than distal faults, 

confirming the finding of Roberts and Michetti (in press).
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By converting cumulative throw-rates into heave rates assuming 45° fault dip value, that is 

probably a lower bound for the normal faults in central Apennines, maximum extension rates of 

3.9 ± 0.8 mm/yr are calculated across the central Apennines. Higher fault dip values such as 50° 

and 60°, imply maximum extension rates of 3.27 ± 0.67 mm/yr and 2.25 ± 0.46 mm/yr, 

respectively (Section 4.3.1.4.1). These values are similar to the values reported from other 

researchers based on seismic moment summation and GPS measurements.

Two independent methods of obtaining throw-rate data have been used (measured values 

extracted from paleoseismological data and predicted values extracted from the equation) and 

their results compare well (Section 4.3.2). The latter provides more confidence to the described 

deformation rate pattern and implies that deformation rates are influenced by the fault scaling 

relationship, which form the basis of the equation.

Finally, the comparison between geologically and geodetically determined rates shows that our 

preferred geological rate is about one third of that inferred by geodesy (Section 4.3.1.4.2). This 

discrepancy between geodetic and geological fault slip-rate data, implies that we have to be 

cautious, wherever we use GPS data for seismic hazard assessment purposes or when attempting 

to reconstruct the tectonic processes in a area, because geodetic data may be unrepresentative of 

the longer-term deformation rates (Section 4.3.1.4.3).
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CHAPTER 5 - FAULT SCARPS, DEFORM ATION RATES, FINITE FAULT  

THROW S AND FAULT GROWTH IN CAM PANIA-IRPINIA-BASILICATA, 

SOUTHERN APENNINES

5.1 AN OVERVIEW OF CAMPANIA-IRPINIA-BASILICATA, SOUTHERN 

APENNINES

The region of southern Apennines is characterised by a more localised active fault array that 

accommodates a smaller number of normal active faults compared to the region of central 

Apennines. The northern part of the study area (Irpinia) attracted much scientific interest in 

terms of active faulting and seismic hazards after the devastating 1980 Irpinia earthquake 

(Ms=6,9). Despite that event deformation rate data are relatively poor compared to Lazio- 

Abruzzo (Section 5.1.3). Additionally, finite throws and throw-rates have not been studied in 

the way Roberts and Michetti (in press) did in central Apennines. In this chapter, a detailed 

fault-by-fault description is offered (Section 5.3.1.2) that focus its attention on the collection of 

deformation rate and finite throw data.

Overall, the aims and the objectives of this chapter are: i) to build a fault throw-rate database 

that will provide the input data for the construction of the seismic hazard maps presented in 

Chapter 9 (Table 5.2), ii) to calculate throw-rate values from the equation presented by Cowie 

and Roberts (2001) and compare them with the measured throw-rate values (Section 5.3.2), iii) 

to collect finite throw data, iv) to analyse how throw-rates, finite throws, D/L ratios as well as 

the throw-rate and the finite throw gradients vary spatially along the strike of the fault array 

(Section 5.3.1.3.3), v) to provide an estimate on the extension rate and its spatial along-strike 

variation (Section 5.3.1.3.2.), vi) to test different fault initiation ages for the region proposed by 

several authors and obtain some insights concerning the fault array evolution through time 

(Section 5.3.1.3.4), vii) to investigate if a similar fault growth process to that described in 

Lazio-Abruzzo by Roberts and Michetti (in press), is taking place in the region of southern 

Apennines (Section 5.3.1.3.5) and viii) compare the fault growth histories of central and 

southern Apennines (Section 5.4).
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5.1.1 GEOLOGICAL AND TECTONIC SETTING

An extensive description of the geological and tectonic setting has already been presented in the 

previous Chapter 4 (Section 4,1). To avoid any repetition this subsection focuses only on the 

Southern Apennines. During the Upper Miocene-Lower Pliocene, extension and accretion of 

new oceanic crust occurred in the Tyrrhenian Sea west of Italy. Active subduction of the Ionian 

sea beneath Calabria was occurring at the same time (Malinvemo and Ryan, 1986). By the late- 

middle Pliocene shortening ceased in the Tyrrhenian part of central and southern Italy (e.g. 

Patacca et al., 1990) and extension began in the Apennines (Cavinato and De Celles, 1999).

Overall, the central and southern Apennines contain an 800 km long system of segmented 

normal faults, that have been associated with M=5.5 to M=7 surface faulting earthquakes (e.g. 

Westaway and Jackson, 1984; Michetti et al., 1996; Michetti et al., 2000a). This system 

accommodates the present-day extension (Fig. 5.1a). It is evident from fault slip data, borehole 

breakout data and earthquake focal mechanisms (Anderson and Jackson, 1987; Hippolyte et al., 

1995; Amato et al., 1995; Amato and Montone, 1997) that extension in the southern Apennines, 

occurs in a NE-SW direction (between 040°-220° and 050°-230°).

For the southern Apennines there is no agreement on the normal faulting initiation age. At a 

time when the tectonics of the central and southern Apennines was already dominated by crustal 

extension, a widespread uplift occurred during the Quaternary (D'Agostino et al., 2001). This 

post-700 kyrs regional uplift of the southern Apennines is widely recognized, based on the 

elevations of marine terraces (Westaway, 1993; Bordoni and Valensise, 1998). Some workers 

suggest that this regional uplift in the Middle Pleistocene coincides and/or is related to the 

initiation age of the active normal faults, implying a 0.7-1 Ma initiation age (Pantosti et al., 

1993; Hippolyte et al., 1994; Van Dijk et al., 2000). Others suggest that the high angle normal 

faults in the southern Italy formed close to the Pliocene-Pleistocene (-1.8 Ma) boundary 

(Ferranti et al., 1996). Additionally, other workers suggest that the extension affecting the 

Tyrrhenian continental margin of the southern Apennines is mainly Pliocene-Pleistocene 

(Bartole et al., 1984) and that normal faulting in the Apennines has been active since the Upper 

Pliocene-Early Pleistocene (Patacca et al., 1990). Finally, several other reports and stratigraphie 

studies suggest that these normal faults are Pliocene in age (Westaway and Jackson, 1987; 

Westaway, 1987; Knott and Turco, 1991; Oldow et al., 1993, Ascione and Romano, 1999; 

Ascione et al., 2003). The fault initiation age is crucial for understanding the geological and 

geomorphological evolution of the area and in particular the fault growth and deformation 

history. In Section 5.3.1.3.4, fault finite throws and fault throw-rates collected from this study
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Figure 5.1. (a) Location map of the study area, showing active faults that have displaced 

Holocene deposits, (b) Map of major active faults of the Southern Apennines in UTM 

coordinate frame. The bedrock map was modified and simplified from the CNR (1990) map 

and transformed into the UTM coordinate system throught the Arcview projection utility 

extension. VF - Volturara Fault; IrF - Irpinia Fault; AntlrF - Antithetic Irpinia Fault; SGrF - 

San Gregorio Fault; AIF - Albumi Fault; VDF - Vallo di Diano Fault; VAF - Val' D Agri 

Fault; MaF - Maratea Fault; MAF - Monte Alpi Fault; MeF - Mercure Fault; PF - Pollino 

Fault, CaF -  Castrovillari fault (from Cinti et al., 2002), CiF -  Civita fault (from Michetti et 

al., 1997). Numbers on white circles represent studied localities referred to in the text, from 

which throw-rates have been extracted. Numbers on white boxes represent cross sections 

displayed in Figure 5.3, whilst thin black lines represent cross section traces. Points B and C 

define the northwest and the southeast end members of the composite profile presented in 

Figures 5.13, 5.14, 5.15, 5.16 and 5.19.
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F^ure 5.2. Epicentral areas of the 1694, 1857 and 1980 earthquakes in the southern 

Apennines. Modified from Westaway and Jackson (1987). Few data exist on the 1561 

earthquake.
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are combined, compared and tested against different fault initiation ages so as to provide an 

estimate on fault initiation age.

5.1.2 SEISMICITY

5.1.2.1 Large historical events

The southern Apennines is the region that has hosted the largest historical moment release of the 

entire Apennines (Valensise and Pantosti, 2001). Around ten events with epicentral intensity of 

DC or higher are reported in tiie historical record during the last five centuries (Boschi et al., 

1999). Four events produced significant damage and affected a wide area. These are: the recent 

1980 Irpinia earthquake; the 1857 earthquake at Montemurro Basilicata; the 1694 event again 

around Irpinia; and the earthquake on 19* of August 1561 around the northwestern part of the 

Vallo di Diano basin (Fig. 5.2). It is interesting to note that on average a large destructive event 

occurs in the area roughly every 120-140 years.

The Irpinia-Lucania earthquake sequence of November the 23”* 1980 (Ms=6.9) consisted of 

three shocks within 40 seconds and claimed more than 3,000 human lives (e.g. Deschamps and 

King, 1983; Westaway and Jackson, 1987; Bernard et al., 1993).

On 16 December 1857, the Val D’ Agri valley hosted one of the most destructive events ever 

recorded in Italy (Imax=XI MGS), killing about 13,000 people (Mallet 1862; Alessio et al,, 

1995). Most workers suggest that this earthquake ruptured the Val’ d’Agri fault and some of 

them (Benedetti et al,, 1998) suggest that they identified surface ruptures near the village of 

Marsico Nuovo.

The 1694 Irpinia event, produced a similar isoseismal disMbution to the 1980 earthquake 

(Serva, 1981; Deschamps and King, 1983), but it has not been conclusively proved which fault 

ruptured.

Finally, according to the historical record, the northwestern part of the Vallo di Diano basin 

experienced a damaging earthquake on 19* of August 1561 with a maximum intensity X on the 

MGS scale (Boschi et al., 1999). This is the oldest reported historical event that produced 

significant damage in the study area. ~
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5.1.2.2 The Pollino seismic gap and the completeness of the historical record

The Pollino range constitutes the only sector of the normal fault system, from Umbria to Sicily, 

where strong earthquakes have not been recorded (Fig. 3.3, Boschi et al., 1995b; 1997, Selvaggi 

et al., 1997). However, palaeoseismological studies demonstrate the occurrence of surface 

faulting events, even during historical times (Vittori et al., 1995b; Cinti et al., 1997; Michetti et 

al., 1997; Cinti et al., 2002; more detail in Section 5.3.1.2.1). Despite the fact that geologic and 

palaeoseismologic data indicate repeated Pleistocene-Holocene slip, the revised seismic 

zonation of Italy after the Cofliorito earthquake (DPC-PCM, 1998) ignores the geological 

evidence of strong paleoearthquakes and considers a maximum intensity VII for the town of 

Castrovillari, which lies in the immediate hangingwall of the Pollino fault (Michetti et al., 

2000a). Thus, according to geologists, the Pollino fault constitutes a well defined example 

which verifies the incompleteness and the inhomogeneity of historical catalogues even in 

countries like Italy with one of the longest and best constrained catalogues worldwide.

In the southern Apennines, the oldest widely felt and reported earthquake occurred in 1561. 

From that event and onwards, large magnitude events should have been reported in the 

historical record. It may be possible that the historical record is complete for 700 years as is the 

case in central Apennines, but no large event can prove this to be true. The 1349 earthquake 

sequence and the 1456 earthquake that produced severe damages in central Apennines and the 

Matese region (located around 100 km north of the investigated area) have not been felt or 

recorded in the study area. This is important because in chapter 9 the long-term frequency 

shaking record based on the fault throw-rate values extracted from this chapter, is compared 

with the historical record to estimate whether short-term datasets are in agreement with longer- 

term datasets and discuss possible implications for the seismic hazards.

5.1.3 A REVIEW OF PUBLISHED DEFORMATION AND EXTENSION RATES

The region of the southern Apennines attracted much scientific interest in terms of active 

faulting and seismic hazards after the devastating 1980 Irpinia earthquake (Ms=6.9). Most of the 

available data focus on the structures involved during the 1980 Irpinia earthquake sequence, 

whilst other active faults in the area are less well known.

Trenching studies have been conducted on: i) the structures involved during the 1980 Irpinia 

earthquake sequence (D' Addezio et al., 1991; Pantosti et al., 1993), and ii) the Pollino area that 

is characterised as a seismic gap (Vittori et al., 1995b; Michetti et al., 1997; Cinti et al., 1997;
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2002). Additionally some workers (Hippolyte et al., 1994; Benedetti et al., 1998) evaluated 

throw-rates by visually determining the heights of post-glacial scarps. Overall, the deformation 

rate data in southern Apennines (Table 5.1) is relatively poor compared to Lazio-Abruzzo 

(Table 4.1)

A summary of all published throw-rate data is offered in the following Table 5.1.

Table 5.1

Fault name Throw-

rate

(mm/yr)

Published by Notes

Pollino 0.33-0.4 Vittori et al., 1995b 

Michetti et al., 1997

6 m throw from a scarp profile (0.33 mm/yr) and 

a throw-rate of 0.35-0.4 mm/yr from trenching

0.2-0.5

1

Cinti et al., 1997; 

2002

Rates reported for the Castrovillari fault. Long 

term rate of 0.2-0.5 mm/yr from scarp profiles 

and a short term rate of 1 mm/yr from trenching

Val’ D ’ Agri 1 Benedetti et al., 1998 15 m high postglacial throw estimated by eye, 

averaged over 14 kyrs (0.83 mm/yr over 18 ka)

Maratea Hippolyte et al., 1994 7-10 m high scarp estimated by eye

Vallo di 

Diano

Hippolyte et al., 1994 2 m high scarp estimated by eye towards Aulleta 

village (NW part of the Vallo di Diano fault)

Irpinia 0.25-0.35 Pantosti et al., 1993 Trenching at the basin of Piano di Pecore 

recognized four pre-1980 paleoevents

San Gregorio 0.3 D'Addezio et al., 

1991

Trenching on the NE dipping fault at San 

Gregorio basin four paleoevents were recognized

In Section 5.3.1.2, where a fault-by-fault description is presented, published throw-rates are 

presented in more detail and compared with the rates extracted from this study in order to offer 

a complete picture of the deformation rate pattern.

Some workers have estimated extension rates in southern Apennines based on seismic moment 

summation and geological slip rate values, but overall there are considerably fewer reports 

compared to the central Apennines. In particular, Pantosti et al., (1993), calculated an extension 

rate value of less than a 1 mm/yr, based on the slip rate extracted from the trench site on the 

Irpinia fault (0.25-0.35 mm/yr) and assumed that “a couple of parallel active faults” with the 

same slip-rate may exist across the Apennines. Westaway (1992) mentioned a value of 2.6 

mm/yr, based on seismic moment summation for historical earthquakes and fault slip rate
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estimates. In Section 5.3.1.3.3, these extension rate hypotheses will be tested against geological 

fault throw-rates extracted from this study.

5.2 GEOMORPHOLOGICAL SETTING

In a similar manner to Lazio-Abruzzo (Section 4.2), several mountains in the southern 

Apennines show traces of former glaciations such as the Pollino Massif (2248m), Mount Sirino 

(2005m), Mount Cervati (1898m), Mount Cozzo del Pellegrino (1987m) and the Mount La 

Mula (1935m) (Palmentola et al., 1990). All the glacial remains (moraines, till deposits, cirques) 

belong to the last glacial maximum between 21-18 ka, when the snow line reached its lowest 

limit at about 1600-1750 m (Palmentola et al., 1990). Sediment cores obtained from Lago 

Grande di Monticchio in Basilicata, southern Apennines, demonstrated that the closely coupled 

Northern Hemisphere ocean-atmosphere system of the last glacial period, extended its influence 

as far as the central Mediterranean region (Allen et al., 1999). For the same area, Peyron et al. 

(1998) after reconstructing the climate of the last glacial maximum (18 ka), calculated a mean 

temperature anomaly of the coldest month of -14C° and an annual mean temperature anomaly of 

- 7C°. The above data also allow correlation with climatic records from Tyrrhenian sea cores 

and other oceanic records (Paterne et al., 1986; 1988; 1999), which also record the c. 18 ka 

culmination of the glacial maximum.

Deglaciation is a period of anomalously high ice flux and rapid basal ice motion resulting in 

high erosion rates (Menzies, 1996; Koppes and Hallet, 2002). However, during the last glacial 

maximum, most of the area of the southern Apennines, was not permanently covered by ice but 

experienced periglacial conditions with vigorous freeze-thaw action, providing a considerable 

amount of debris leading to high erosion-sedimentation rates on mountain slopes. Also mass 

movement and meltwaters from glaciers transported a large amount of glacial materials into 

neighbouring periglacial areas. In addition, the harsh climate restricted the vegetation, again 

promoting high erosion rates. As a result, sedimentation and erosion rates exceeded fault throw- 

rates, resulting in smoothed hillsides that are graded to the same gradient either side of fault 

scarps (e.g. Fig. 5.9i, Fig. 5.9ii, Fig. 5.9iii). These slopes have been preserved because after the 

demise of the glaciation, vegetation stabilised the mountain slopes and erosion rates decreased, 

producing a thin (c. 1-2 meters) organic rich soil. The lower erosion and sedimentation rates 

allowed the preservation of faults scarps produced by the ongoing surface fault slip during large 

earthquakes (e.g. 1980 Irpinia).
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In conclusion, the climatic history of the southern Apennines is similar to the neighbouring 

setting of the central Apennines, in Lazio-Abruzzo (Section 4.2), where fault scarps displace 

post-glacial sediments associated with the last major glacial retreat that occurred in the region 

18 kyrs ago (Giraudi, 1995; Giraudi and Frezzotti, 1997). The vertical offset of the glacial 

surfaces corresponds to the total throw of the fault that has been accumulated since the end of 

the glaciation, allowing derivation of deformation rates.

5.3 FAULT DESCRIPTION, DEFORMATION RATES, FINITE THROWS AND DATA 

ANALYSIS

In Section 5.3.1, throw-rates and finite throw data are presented and then analysed in order to 

accomplice the goals presented in Section 5.1. Throw-rates represent the measured values 

derived from displaced post-glacial sediments through the construction of scarp profiles, 

whereas finite throws were extracted through the construction of cross sections. In Section

5.3.2, throw-rates are calculated from the equation presented by Cowie and Roberts (2001), 

which predicts throw-rates and then are compared with the measured throw-rates. The equation 

was described in detail in Section 2.6, and applied in Lazio-Abruzzo, central Italy in Section

4.3.2.

5.3.1 MEASURED DATA

This section is divided into three parts. In Section 5.3.1.1, a detailed description of the 

methodology used to derive throw-rates (5.3.1.1.1) and finite throws (5.3.1.1.2) is presented. In 

Section 5.3.1.2, a fault-by-fault description of the entire fault pattern in the southern Apennines 

is presented. Additionally, throw-rates and finite throws extracted from this study are combined 

and compared with published rates. In Section 5.3.1.3, the data presented in the previous 

Section, is analysed to unravel further implications on the hazard distribution, extension rates, 

fault initiation ages and the fault array evolution.

Table 5.2 summarizes all throw-rate and finite throw data collected during this study and the 

literature, which have been imported in the data analysis described in Section 5.3.1.3. All of 

these data (slope dips and slip directions) are presented in detail in Appendix B. In Table 5.2, 

the source of throw-rate data is distinguished, showing whether they are from scarp profiles 

(S.P.), or from eye-estimations (E.E.) or from published trench investigations (T.). Finally, 

maximum finite throws are presented in meters.
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Table 5.2
Fault name Length

(Km)
Max. Finite 
throw (m)

Error 
in (m)

Locality 
Number 
(Fig. 5.1)

XUTM
Coordinate

Y UTM 
Coordinate

Post
glacial
Throw

(m)

Error 
in (m)

Throw-rate
(mm/yr)

Data
source

Notes

Pollino 32 800 300

0605483 4412366 6 0.33
0.35-0.4

S.P.
T.

Data from Vittori et al., 1995b; 
Michetti et al., 1997.

30 0605223 4412845 5.4 1.1 0.3 S.P. Bedrock scarp.
31 0611287 4409150 3.5 0.7 0.19 S.P. Bedrock scarp.
32 0588419 4416598 4-4.5 1.8 0.22-0.25 E.E Bedrock scarp, lower slope 

disturbed by cultivation.
0.2-0.5 S.P. Data from Cinti et al., 1997; 2002 

(Castrovillari fault).

Mercure 32 1100 200
33 0581379 4430162 3 0.6 0.17 S.P. Alluvial carp in a chestnut wood 

forest
34 0582178 4429629 6.7 1.3 0.37 S.P. Bedrock scarp on the continuation 

of the previous scarp, a few hundred 
meters towards the SE.

Monte Alpi 33 1500 400
35 0582017 4440880 9-10 3.6 0.55 E.E. 5-6 m polished fault surface plus 3- 

4 m of degraded scarp, along the 
steep limestone escarpment.

Maratea 37 1600 400 36 0562700 4429519 7.8 1.6 0.43 S.P. Bedrock scarp, a portion of the 
upper slope is exposed.

Val’ D'Agri 41 2100 500

0564879
0564853

4475800
4476092

15 0.83 E.E. Data from Benedetti et al. 1998.

37 0571296 4468174 9 1.8 0.5 S.P. Lower heavily degraded bedrock 
scarp.

38 0570741 4469864 6 1.2 0.33 S.P. Upper bedrock scarp.
15 3 0.83 S.P. Cumulative postglacial throw 

(Upper scarp loc.37 4- lower scarp 
loc.38).

39 0538726 4491971 8 1.6 0.44 S.P. Considerable post glacial throw 
variation along strike over short

g;



Vallo di Diano
45 1550 400

40 0538539 4492238 7.3 1.5 0.41 S.P. distances. Postglacial throw 
diminishes towards the NW tip of 
the fault, from 8 m to 7.3 m and 3.3 
m, 4 km, 3.5 km

41 0537182 4492810 3.3 0.7 0.18 S.P. and 2 km away from the tip, 
respectively.

42 0545958 4479775 9.8 2 0.54 S.P. Bedrock scarp, lower slope is 
disturbed by cultivation.

Albumi 25 1150 150 43 0532258 4485676 6-7 3.6 0.39 E.E Bedrock scarp is hidden by the 
vegetation.

Iprinia 31 1050 200
44 0515232 4520580 9.8 2 0.54 S.P. Bedrock scarp in a chestnut wood 

forest.
0.25-0.35 T. Data from Pantosti et al., 1993.

Irpnia
Antithetic

15 45 0542557 4514780 4 0.8 0.22 S.P. Bedrock scarp near Bella.

San Gregorio 20 1150 250

46 0532772 4502364 5.3 1.1 0.29 S.P. Bedrock scarp on the SW dipping 
fault.

0.3 T. Data from D'Addezio et al., 1991 on 
the NE dipping fault.

47 0538239 4500441 1.5 0.08 E.E. Postglacial throw diminishes 
towards Balvano village.

Volturara 30 950 300 <0.3 E.E. No bedrock scarp observed, 
possibly covered by lake sediments.

Note: Locality numbers represent only throw-rate observations. Maximum finite throw values are presented in meters and are extracted from cross sections. 
The source of throw-rate data is distinguished, showing whether throw-rates are from scarp profiles (S.P.), or from eye-estimations (E.E.) or from published 
trench investigations (T).
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5.3.1.1 Methodology

The traces of all major active normal faults in the southern Apennines were identified, checked 

on published geological maps and in the field and in places remapped using 1:100000 

topographic maps. The map of the study area is presented in Figure 5.1b. The bedrock map was 

modified and simplified from CNR (1990) and transformed into the UTM coordinate system 

through an Arcview software projection utility extension. The goal was to determine the 

positions and lengths of all the major active faults in the region. This task can be problematic, 

especially as far as the fault lengths are concerned, because vegetation cover restricts the view 

for the majority of the faults and can hide scarps as high as about 10 m. Moreover, the faults 

appear to be segmented at a length scale of c. 5-15 km with small-scale en echelon fault 

overlaps (transfer zones or relay ramps) separating different fault segments. Additionally, some 

of the faults have very subtle geomorphic expressions where they enter rock types such as 

flysch or foredeep deposits, in which faulting is poorly preserved. In many cases, this is true for 

the fault tips where the total offset is small; generating the main source of errors for the 

determination of fault lengths. Thus, to help establish a more accurate evaluation of fault 

lengths, finite throws, throw-rates and occasionally, slip direction data were used (see Section 

2.1). Finite throws and throw-rates were extracted from a number of cross sections and scarp 

profiles constructed across each major active fault respectively. More details of the 

methodology used and the implied errors are presented, in the following Sections 5.3.1.1.1 and

5.3.1.1.2.

5.3.1.1.1 Scarp profiles, estimated throws and errors

Deformation rate information in the region of the southern Apennines has been derived from 

displaced post-glacial sediments and landforms associated with the last major glacial retreat that 

occurred in the region c. 18,000 years ago (Section 5.2). A similar methodology to that 

described in detail in Lazio-Abruzzo (Section 4.3.1.1) was followed. Quantitative data were 

extracted from topographic profiles measured perpendicular to the trace of the scarp where the 

vertical offset of the glacial surfaces corresponds to the total throw of each fault during the last 

18 kyrs.

In order to extract deformation rates, several scarp profiles were constructed on 8 different 

active faults. Also, in a few localities (4 out of 18 localities) the throws associated with scarps 

were estimated by eye. Throw values were estimated in the field and then were corrected in the 

laboratory after examining photos with clear objects for scale included in the photographs. All
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the profiles were constructed through chain surveying techniques using a ruler (1 meter) and a 

clinometer. The profiles exhibit common features characteristic of fault scarps (e.g. Yeats et al., 

1997), such as the upper slope, the degraded scarp, the free face, the colluvial wedge and the 

lower slope (e.g. Fig. 5.4i).

After defining the main profile characteristics in the field, the profiles were reconstructed and 

interpreted into a graphics package and the throw post 18 kyrs was calculated. The post 18 kyrs 

throw is defined as the height measured between the intersection of the fault plane with the 

upper and the lower slope respectively.

Overall, the errors involved in the construction of scarp profiles in the region of the southern 

Apennines are similar to the errors described in Lazio-Abruzzo (Section 4.3.1.1.2). In most 

cases the slopes are smooth and almost planar, and the profiles are relatively long, so the error 

introduced by defining a strain line that represents the dip of the slope is insignificant. Also in 

the majority of the profiles the free face is exposed constraining the fault dip. However, even if 

the profile site selection has been chosen very carefully, it is inevitable that the scarp 

morphology has been altered to some extent by weathering and deposition. As a result, the 

postglacial throw could be underestimated. Where eroded gullies exist on the lower slopes 

exposing their stratigraphy, it is clear that the thickness of the organic-rich post 18 ka soils are 

generally only a few tens of centimetres, overlying the organic-poor upper Pleistocene pre 18 ka 

colluvium. Thus, burial of the scarps is typically limited to only a few tens of centimetres, an 

error that is small (< c. 5%) compared with the throws across scarps, which are in the order of a 

number of metres high. Finally, scarp throw variation along strike is evident, even over short 

distances, including locations that are apparently undisturbed by incision or deposition 

processes. This throw variation is most likely to be the natural variation associated with 

coseismic surface slip and constitutes the main source of uncertainty. The overall estimated 

error is about ± 20 per cent of the postglacial throw value. Similarly, the proportional estimated 

error for an 18 m high scarp that offsets an 18 ka slope, resulting in a throw-rate of 1 mm/yr, is 

calculated up to about ± 3.6 m or 0.2 mm/yr in terms of throw-rates.

Finally, for a few locations the throws across scarps were estimated by eye in the field and 

corrected later in the laboratory by examining photos with scales on them. For these locations 

the errors are probably greater. For instance, vegetation can easily hide a portion of the main 

scarp or other smaller secondary scarps, but the main difficulty arises in the determination of the 

degraded scarp, which is usually hard to see and very difficult to evaluate without a profile. 

These errors apply to all visually estimated postglacial throws, but the error quantification 

varies according to the scarp characteristics. In the southern Apennines, all the scarps that have
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been calculated by eye exhibit low throw-rates (<0.6 mm/yr), so an error of ± 3.6 m (± 0.2 

mm/yr) is estimated for scarps of 5.4 m to 10.8 m high (0.3-0.6 mm/yr) and an error of ± 1.8 m 

(± 0.1 mm/yr) is introduced for scarps less than 5.4 m high (<0.3 mm/yr).

5.3.1.1.2 Cross-sections and errors

A number of cross-sections have been constructed across each major active fault, using 

published 1:100000 topographic and geological maps (Servizio Geologico D’ Italia Potenza, 

1969; Verbicaro, 1970; Lauria, 1970; S. Angelo de’ Lombardi, 1970; Eboli, 1970; Castrovillari, 

1971; Salerno, 1969) (Fig. 5.3). The cross-section transects are several kilometres in length, 

perpendicular to the fault trace, and wherever they cross closely spaced faults, the cumulative 

throw values were calculated. All finite throw data were measured from the cross sections 

presented in this study (Fig. 5.3) with the exception of the Monte Alpi fault where no detailed 

geological maps are available. In that case, a finite throw value was extracted from the Corrado 

et al. 's (2002) cross section based on subsurface data (seismic reflection profiles and deep well 

logs).

Errors on finite throws are variable, but they were quantified for every cross section, based on 

the stratigraphie column displayed on each geological map. Throw-distance profiles were 

constructed for each fault and fault tips were located in places where finite throws were 

estimated that decrease to zero.

5.3.1.2 Field observations, interpretations, finite throws and deformation rates of individual 

faults

In this Section, the fault pattern is presented in detail with particular emphasis placed on throw- 

rates and finite fault throws. A fault-by-fault discussion is offered for each of the 10 individual 

active faults identified in the investigated area. Additionally, throw-rates extracted from this 

study are combined and compared with published rates (from trenching studies and visually 

estimated throws) in order to offer a complete picture of the deformation rate pattern. 

Postglacial and finite fault throws are presented in meters and throw-rate is deduced by dividing 

the postglacial throw over 18 kyrs. The positions of studied localities were constrained using 

1:100000 topographic maps and a hand-held GPS receiver (providing an accuracy of ± 50 m).
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5,3.1.2.1 The Pollino Fault

The Pollino fault is a WNW-ESE trending normal fault that downthrows towards the SW. It is 

the southernmost fault in the investigated area and during recent years much attention has been 

focused on its seismic hazard potential. No strong earthquakes have been recorded in the 

historical record and the Pollino range constitutes the only sector of the normal fault system, 

from Umbria to Sicily, where strong earthquakes are unknown (Fig. 3.3, Boschi et al., 1995; 

1997). However, palaeoseismological studies demonstrate the occurrence of surface faulting 

events, even during historical times (Vittori et al., 1995b; Michetti et al., 1997; Cinti et al., 

1997; 2002). Thus, according to geologists, the Pollino fault constitutes a well defined example, 

which verifies the incompleteness of the historical catalogues even in countries like Italy with 

some of the longest and best constrained catalogues worldwide.

At Grotta Carbone (5 km NW from Frascineto, see Fig. 5.1b), Michetti et al. (1997) constructed 

a scarp profile showing a 6 m high scarp and confirmed this rate with nearby trenches, where 

they calculate a minimum throw rate of 0.35-0.4 mm/yr. They identified two separate surface 

faulting events with coseismic surface displacements in the order of 0.5 and 1 m during 

historical times (the older event occurred in the early Middle ages VI-XII century A.D. and the 

most recent event between XIII-XV century A.D.) Cinti et al. (1997) after trenching 

investigations on the N-S trending Castrovillari fault and possible continuation of the Pollino 

fault, estimated a vertical slip rate of 0.2-0.5 mm/yr and recognized the latest event close to 800 

A.D.. Further investigations on the same fault by Cinti et al. (2002) report a long-term vertical 

slip-rate of 0.2-0.5 mm/yr based on offset geomorphological features and a shorter term vertical 

slip-rate up to 1 mm/yr based on trenching data. They suggest that the Pollino fault is not the 

main active fault in the area, but represents an older and less active structure that acts as a 

geometric barrier to propagation of ruptures on the Castrovillari fault to the north. As a result, 

they conclude that the Castrovillari fault forms a bend and probably re-utilizes the pre-existing 

Pollino fault for about 3 km. However, it is argued, following Michetti et al. (1997), that the 

Castrovillari fault as well as the other N-S trending active normal fault at Civita are second 

order structures, accommodating along-strike stretching, known as release faults (Destro, 1995; 

Roberts, 1996). Both faults (Castrovillari and Civita) do not generate an impressive 

morphological footprint and are not oriented perpendicular to the present extension direction. 

The only other possible explanation could be that they are linked to the Calabrian N-S trending 

fault system but there is no evidence to support this interpretation.

The Pollino fault displays characteristic geomorphological elements of recent activity, such as 

wine-glass valleys, triangular facets and a postglacial fault scarp. On the valley bottom of
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Pollino and on the lower slopes glacial till can be found (Palmentola et al., 1990). Cross sections 

show a maximum throw of at least 800 m (No.2) towards the fault centre that decreases to 150 

m (No.2) and 200 m (No.l) towards the northwest and southeast end of the fault (Fig. 5.3). The 

fault scarp is not continuous, but buried in several locations under alluvial fans where the 

deposition rate (higher than 0.6 mm/yr during some postglacial time intervals according to 

Michetti et al., 1997) outpaces the fault throw rate. A scarp profile was constructed 4 km NW 

from Frascineto at locality 30, revealing a 5.4 m high scarp in agreement with Michetti et al. ’s 

(1997) profile, implying a throw-rate of 0.30 mm/yr (Fig. 5.4i, Fig. 5.4ii). Another profile was 

constructed towards the southeastern end of the fault, 1.5 km east from Civita at locality 31, 

where a bedrock scarp exists for several kilometres (Fig. 5.4iv). The profile revealed a 3.3 m 

high scarp, yielding a throw-rate of 0.18 mm/yr (Fig. 5.4iii, Fig. 5.4v). At location 32, towards 

the northwestern part of the fault, a 4-4.5 m high scarp was estimated by eye, implying a throw- 

rate of 0.22 to 0.25 mm/yr (Fig. 5.4vi). Cultivation processes on the lower slope disturb this 

locality and it may be possible that a tractor could have exposed a portion of the free face. Thus, 

overall, throw-rate decreases as expected, from the centre towards the tips of the fault. Striations 

on the locality 32, display a mean value of 59° towards the 175° (Fig. 5.4vi). Striations are 

oblique slip, display a mean value that is 50° different to the regional extension direction of 225° 

and plunge towards the hangingwall centre, confirming that locality 32 is close to the northwest 

fault tip. The throw/distance profile, the throw-rate/distance profile and the slip directions show 

that the Pollino fault has a length of 32 km.

5.3.1.2.2 The Mercure Fault

The Mercure fault was first recognized as an active structure, displaying a clear géomorphologie 

expression, by Bousquet and Gueremy (1968). It is a WNW-ESE trending normal fault, that 

downthrows to the SW. Cross-sections show a maximum throw of 1100 ± 200 m (No.5) near 

the fault centre, decreasing to 650 ± 150 m (No.6) and 550 ± 100 m (No.4), 8 km from the 

northwestern and the southeastern fault tip respectively (Fig. 5.3). Two scarp profiles were 

constructed at locations 33 and 34, a few hundred meters northwest of Castelluccio village (Fig. 

5.1b). At locality 33, the scarp is continuous for several hundred meters in a chestnutwood 

forest. This scarp is about 3 m high (Fig. 5.5i, Fig. 5.5ii), displacing a shallow soil layer (1-2 m 

thick). There is an uncertainty on whether this is an 18 kyrs slope, but there is no evidence of an 

alluvial fan of great thickness in the area. A few hundred meters towards the SW at locality 34, 

and on the continuation of the scarp observed previously, a bedrock scarp is exposed. A scarp 

profile was constructed, displaying 6.7 m postglacial throw (Fig. 5.5iii, Fig. 5.5iv). As a result, a 

maximum throw-rate of 0.37 mm/yr is calculated for the Mercure fault. On 9 September 1998, a
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Mw=5.6 earthquake occurred at the northwestern end of the Mercure fault, on the Lauria 

segment boundary fault, reactivating a bedrock scarp for a length of 200 m, with up to 1 cm of 

surface displacement (Michetti et al., 2000a). Beyond the above earthquake and four similar 

medium size events (that produced maximum intensities VIII in 1831, 1836, 1894 and 1982), no 

large historical earthquakes have been recorded in the area, which forms part of the so-called 

Pollino range seismic gap (Michetti et al., 2000a).

5.3.1.2.3 The Monte Alpi Fault

The Monte Alpi fault is a NW-SE striking fault that downthrows towards the SW. Although, it 

is argued that the Monte Alpi fault shows clear evidence of neotectonic activity, it has not been 

interpreted as an active fault or a possible earthquake threat by other workers. The Monte Alpi 

fault exhibits an impressive range front with up to 700 m of relief (Fig. 5.6). A continuous 5-6 

m high polished fault surface is exposed along the steep limestone escarpment, indicating its 

relatively recent activity. Debris has accumulated along the base of the mountain and forms 

cones of scree. Taking into account the free face, the degraded scarp and the part of the scarp 

buried under the scree, a postglacial throw of at least 9-10 m high is estimated, yielding a throw- 

rate of about 0.55 mm/yr (Locality 35). Finally, Corrado et al. (2002) present a cross section 

based on seismic reflection profiles and deep well logs (No.7, Fig. 5.3), from which a finite 

throw of approximately 1500 m is extracted.

5.3.1.2.4 The Maratea Fault

Hippolyte et al. (1994) recognized the Maratea fault as an active normal fault and reported that 

their slip direction data for this fault are compatible with NE-SW extension. They also estimated 

a 7-10 m high scarp by eye and suggested that it was created by several probably Holocene 

coseismic events. A scarp profile was constructed at location 36 in order to evaluate the 

postglacial throw-rate in a more accurate way. The selection of the profile location was difficult 

because the upper slope in most of the exposed scarp area is a steep limestone escarpment (Fig. 

5.7i). However, a scarp profile was constructed at location 36 where a portion of the upper slope 

in a former pre-last glacial maximum valley exists. The profile reveals a throw of 7.8 m, 

implying a throw-rate of 0.43 mm/yr (Fig. 5.7ii, Fig. 5.7iii). The degraded scarp forms a small 

part of the total throw. In nearby locations, a similar postglacial throw of 6.0-6.5 m was 

estimated by eye (Fig. 5.7iv). This value is slightly lower compared to the value extracted from 

the scarp profile at location 36. However, this is expected because the degraded scarp is difficult
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Figure 5.6 View of the Monte Alpi fault escarpment. Arrows show the oversteeped fault 

plane along the base of the limestone escarpment, indicating its relatively recent activity.

’'i)J NW ' g g .

Figure 5.7 i) View of the Maratea fault escarpment, ii) Topographic profile of the Maratea 

fault at locality 36, iii) Close up view of the scarp at locality 36, iv) Close up view of the 

Maratea scarp close to locality 36 with person (1.8 m) for scale, v) Stereonet (lower 

hemisphere) shows the lineations on the fault plane at locality 36. The heavy arrow indicates 

the mean fault-slip direction (70° towards 247°).
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to evaluate without a profile construction. The Maratea fault has a maximum throw of 1600 ± 

400 m, 4 km north of Maratea village (No,9, Fig, 5,3), In addition, fault striae have a mean slip 

direction towards 247° (Fig, 5,7v), The geomorphology, the post-glacial scarp, the finite throw 

and the striae all indicate that locality 36 is close to the centre of the fault. The northern end of 

the Maratea fault is defined by throw cross-sections (No,8, Fig, 5,3), but its southern end is not 

well constrained. Unfortunately, the available 1:100000 geological map for the SW part of the 

fault (Verbicaro sheet) is inadequate for drawing cross sections in a reliable way so the southern 

tip of the Maratea fault was located near the village of S, Domenica Talao, as it has been 

indicated from the map of CNR (1990),

5,3,1,2,5 The Val D’ Agri Fault

The Val D’Agri fault is a NW-SE trending active normal fault that downthrows to the SW, The 

Val D’ Agri valley hosted one of the most destructive events ever recorded in Italy (Imax=XI 

MGS) on 16 December 1857, killing about 13,000 people (Mallet, 1862; Alessio et al,, 1995), 

The earthquake consisted of two shocks separated by 2 or 3 min, resulting in a widespread area 

of damage (Fig, 5,2), Cross sections reveal a maximum throw of 2100 ± 500 m towards the 

centre of the fault (No, 12), decreasing to 1000 ± 300 m (No, 11) towards the SE and to 500 ± 

100 m (No, 13), 4 km from the northwestern fault tip (Fig, 5,3), The southern part of the fault is 

more complex, as it is divided in several splays (view of the cross section No,l 1, Fig, 5,3), As a 

consequence, its southeastern tip is not well constrained. Near the village of Marsico Nuovo 

(Fig, 5,1b) the Val'd' Agri fault forms an impressive range front with steep triangular facets and 

wine glass valleys (Fig, 5,8i), The postglacial scarp is located at the base of these facets, 

Benedetti et al, (1998) suggested that the Val D’ Agri fault ruptured at the surface possibly 

during the 1857 event producing 2,5 m vertical coseismic throw, 2,5 km north of the village of 

Marsico Nuovo, indicating a magnitude Ms=7 event. They also report a 15 m high postglacial 

scarp near the same locality indicating a slip-rate of about 1 mm/yr (in their case averaging the 

time interval over 14 kyrs, instead of 18 kyrs that is 0,83 mm/yr). Although my field 

investigations confirm that the postglacial scarp towards Marsico Nuono is about 15 m high, as 

reported by Benedetti et al, (1998), the possible reported surface ruptures are unconvincing. 

They are not continuous along strike and have only been recognized on a high angle scree slope 

(Fig, 5,8vi and Fig, 5,8vii) where slope modification by gravity would be significant and not as 

might be expected on the nearby slopes covered by forest vegetation, where erosion rates are 

minimal.
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Figure 5.8 i) View of the Val'd' Agri fault near the Marsico Nuovo village. Steep triangular 

facets (Dash white line) separated by wine glass canyons. The arrows show the postglacial 

scarp at the base of the facets, ii) Topographic profile of the Val'd' Agri fault at locality 37, 

iii) Close up view of the scarp at locality 37, iv) Topographic profile at locality 38, v) Close 

up photo of the scarp at locality 38. vi) Possible surface ruptures of the 1857 event reported 

by Benedetti et al. (1998). However, there are not continuous along strike and have only been 

recognised on a high angle scree slope, where slope modification by gravity would be 

significant, vii) Same as vi with person (1.8 m) for scale.
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Also, earthquake reports describe not one, but two severe shocks separated by 2 or 3 minutes. It 

is also debatable on whether there was one Ms=7 event or two lower magnitude events (e.g. 

Ms=6.5), one triggering the other, which produced that wide spread pattern of damage. The 

highest damage occurred in the village of Montemurro (Mallet, 1862), located 25 km southeast 

from the village of Marsico Nuovo, where the 2.5 m high surface ruptures are suggested to be. 

Lower magnitude events would produce lower throws that would be more difficult to recognize 

in between of all the fissures, landslides and other gravitional phenomena described by Mallet 

(1862), compared to the 2.5 m high ruptures that should extend for more than 25 km, leaving a 

clear imprint in the morphology.

Additionally to Benedetti et al. 's (1998) observations near the village of Marsico Nuovo, two 

scarp profiles were constructed near the village of Viggiano. Giano et al. (2000) also recognised 

faulted post-30 kyrs paleosoils near the Viggiano village. The lower scarp profile was 

constructed at locality 37 towards the edge of Viggiano village, which obstructs the continuity 

of the scarp. This scarp is degraded, is divided into three sub-scarps, and displays a cumulative 

throw of 9 m (Fig. 5.8ii, Fig. 5.8iii). The upper profile at locality 38 exhibits clear postglacial 

characteristics, including a 3 m high free face (Fig. 5.8v). The scarp profile shows 6 m of throw 

(Fig. 5.8iv). In summary, the lower profile at locality 37 exhibits a 9 m high scarp and the upper 

profile at locality 38 a 6 m high scarp, indicating a cumulative throw of 15 m. This value is 

similar to Benedetti et al. ’s (1998) visual estimations of throw across the scarp near Marsico 

Nuovo, yielding a throw-rate of 0.83 mm/yr (calculated over 18 ka). An antithetic northeast 

dipping fault is located 4-5 km west from the main Val ' D Agri fault. However, the low 

topographic relief associated with it, indicates that if it is active is expected to exhibit a low 

throw-rate value (< 2-3 m postglacial throw: <0.2 mm/yr throw-rate). Indeed, seismic reflection 

data show that this fault has a very small finite throw and joints with the main fault at a shallow 

depth (6 km) (Noguera and Rea, 2000). Finally, Schiattarella et al. (2003) based on planation 

surfaces support that the slip-rate of this fault has been dramatically decreased in time.

5.3.1.2.6 The Vallo di Diano Fault

The Vallo di Diano fault is a NW-SE trending normal fault which downthrows to the SW and 

forms the NE boundary of the Vallo di Diano basin (Fig. 5.1b). Figure 5.3 shows that this fault 

has a maximum finite throw of 1550 ± 400 m at its centre (No. 15), which decreases to 950 ± 

150 m (No. 16) and 650 ± 200 m (No. 17) towards the northwestern end and to 400 ± 100 m 

(No. 14) towards the southeastern end (Fig. 5.3). A similar finite throw value is evident from 

cross sections based on seismic reflection data (Noguera and Rea, 2000). Hippolyte et al. (1994)
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Figure 5.9 i) Topographic profile of the Vallo di Diano fault at locality 39, ii) Close up photo 

facing the scarp at locality 39 with person (1.8 m) for scale, iii) Close up photo parallel to the 

scarp at locality 39, showing that the postglacial throw is essentially equal to the free face 

height, iv) Distant view of the scarp, v) Topographic profile at locality 40, vi) Close up view 

of the scarp at locality 40, vii) Stereonet (lower hemisphere) shows the lineations on the fault 

plane at locality 40. The heavy arrow indicates the mean fault-slip direction (57° towards 

190°), viii) Topographic profile at locality 41, ix) Close up view of the scarp at locality 41, x) 

Distant view of the scarp, showing the way postglacial throw diminishes towards the NW, xi) 

View of the scarp at locality 42, xii) Topographic profile at locality 42, xiii) Close up view of 

the scarp at locality 42 with person ( 1.7 m) for scale.
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estimated a 2 m high scarp by eye near Aulleta at its northeast end and reported that slip data 

indicated a NNE-SSW regional extension. However, scarp profiles constructed during this study 

display significantly higher postglacial throw values (see below). Additionally, even though the 

data presented herein confirm the fault slip direction (plunge 57° towards 190°, see slip data 

from locality 40, Fig. 5.9vii), it is suggested that that the above slip direction does not indicate a 

regional extension direction, because it derived from the northwestern end of the fault where the 

throw diminishes to zero. It has been demonstrated that slip vectors close to the tip of the fault 

converge towards its hangingwall and thus do not provide a regional extension direction 

(Roberts, 1996; Roberts and Ganas, 2000). A continuous post-glacial bedrock scarp is observed 

for several kilometres NW of Caggiano village (Fig. 5.9x, Fig. 5.9iv) decreasing in height 

towards the fault tip. Three scarp profiles were constructed. The profile at location 39 exhibits 

an 8 m postglacial throw (Fig. 5.9i, Fig. 5.9ii), equal to the free face height (Fig. 5.9iii), yielding 

a throw-rate of 0.44 mm/yr. The profile at the nearby location 40 (about 600 m away from the 

previous locality and closer to the fault tip) exhibits a 7.3 m throw exposing the free face only 

(Fig. 5.9v, Fig. 5.9vi). In both profiles, the degraded scarp contributes insignificantly to the 

throw calculation. A third profile was constructed even closer to the fault tip at locality 41, 

exhibiting a 3.3 m throw (Fig. 5.9viii, Fig. 5.9ix). This is a classic example of post-glacial fault 

throw variation along strike, gradually decreasing towards the fault tip. This is consistent with 

the suggestion that no exhumation phenomena are justified, because exhumation would most 

probably produce a uniform throw along the scarp. Another profile was constructed towards the 

centre of the fault, 2 km NW from the Atena Lucana village at locality 42. The profile revealed 

a 9.7 m vertical offset, providing a post-glacial throw-rate of 0.54 mm/yr (Fig. 5.9xii, Fig. 

5.9xiii). The lower slope forms a cultivated olive tree field, but it is suggested that the slope 

angle has not changed significantly (Fig. 5.9xi). Unfortunately, no other location closer to the 

fault centre was suitable for a profile construction, indicating that the maximum throw-rate 

value may be underestimated. Finally, according to the historical record, on 19^of August 1561 

an earthquake with a maximum intensity X on the MCS scale occurred towards the 

northwestern part of the Vallo di Diano basin (Boschi et al., 1999).

5.3.1.2.7 The Albumi Fault

The Albumi fault is a NW-SE trending fault that downthrows to the NE. On the basis of finite 

throw profiles, the Albumi fault is about 25 km in length. Cross sections reveal a maximum 

throw of 1150 ± 200 m (No. 19) towards the centre of the fault, decreasing to 400 ± 200 m 

(No. 18), 4 km from its southeastem tip (Fig. 5.3). Cross sections towards the northwestem part 

of the fault reveal a throw of 1050 ± 200 m (No.20) and at cross section No.22 where the fault
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tip is inferred to be, no offset has been observed. The latter implies that either there is no offset 

or that finite throw is less than the thickness of the Miocene sediments (<200 m). This fault has 

a clear imprint on the topography producing up to 1 km of relief. The topographic relief 

associated with the Albumi mountain front dies out towards the tips of the fault, in agreement to 

the fault finite throw. The view of the postglacial scarp is restricted by forest vegetation. 

However, at location 43, a 6-7 m high scarp is observed, implying a throw-rate of 0.39 mm/yr.

5.3.1.2.8 The Irpinia Fault and its antithetic Fault

5.3.1.2.8.1 The Main Fault

The Irpinia fault is a NW-SE trending normal fault which downthrows to the NE. This fault 

hosted the mainshock of the total three episodes of the Irpinia-Lucania earthquake sequence of 

November the 23"̂  ̂ 1980 that claimed more than 3,000 human lives (e.g. Deschamps and King, 

1983; Westaway and Jackson, 1987; Bernard et al., 1993). The second episode was generated 20 

seconds after the mainshock towards the San Gregorio plain (Westaway and Jackson, 1984; 

1987; Pantosti and Valensise, 1990), whereas the third shock occurred 40 seconds after the 

mainshock and possibly took place on the Irpinia antithetic fault located between the villages of 

Belle and Castelgrande (Blumetti et al., 2002). Westaway and Jackson (1984) identified about 

10 km of surface ruptures up to 1 m high at Monte Marzano (Fig. 5.10a). In several locations 

they demonstrated that the downthrown side was uphill, verifying that these surface breaks were 

of primary tectonic origin and not gravitational phenomena, as it was widely suscpected up to 

then.

There are several different interpretations for this fault as well as the 1980 faulting pattern 

(Crosson et al., 1986; Westaway and Jackson, 1987; Pantosti and Valensise, 1990; Bernard et 

al., 1993). For example, Pantosti and Valensise (1990) purport that the Irpinia fault extends 

from the Sele valley up to the San Gregorio Plain where the 20s episode took place. Westaway 

and Jackson (1987) identified three subevents within the mainshock, extending the rupture for 

30 km along strike. They support that the first subevent nucleated at Monte Marzano, whereas 

the second and third subevents occurred on the northwestem part of the fault north of the Sele 

valley, indicating that the mpture was propagating towards the NW. The 20 seconds delay 

between the first and the second episode, implies the existence of a strong barrier that impeded 

continuous propagation of the mpture from the southem end of the Irpinia fault to the San 

Gregorio fault, suggesting to some workers that, in contrast to Pantosti and Valensise (1990), 

these two fault fragments could not be modelled as a single fault (Cocco and Pacor, 1993). In
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Figure 5.10 a) Map showing the epicentral area of the 1980 event and the surrounding 

structures. Aftershock locations are from Westaway and Jackson (1987), the 1980 surface 

ruptures from Westaway and Jackson (1984) and Pantosti and Valensise (1990) and the Mt. 

Onga fault from Ascione et al. (2003). b) i) Topographie profile of the Irpinia fault at locality 

44, ii) Close up view of the scarp at locality 44 with person (1.8 m) for scale, c) i) View of the 

Irpinia antithetic scarp, arrows indicate the postglacial fault trace, ii) Topographic profile at 

locality 45, iii) Close up view of the profile at locality 45 with person (1.7 m) for scale.
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addition, no surface faulting was observed in the area between the southwestern end of Irpinia 

fault and the San Gregorio fault (Westaway and Jackson, 1984). The Irpinia fault is thought to 

have ruptured again during the 1694 earthquake (Fig. 5.2), producing a similar isoseismal 

distribution to the 1980 earthquake (Serva, 1981; Deschamps and King, 1983; Porfido et al., 

2002).

Cross sections (Fig. 5.3) show a maximum finite throw of 1050 ± 200 m (No.24) towards the 

centre of the fault that decreases progressively to 500 ± 100 m (No.25) and 250 ± 100 m 

(No.26) towards the northwestem tip and 550 ± 100 m (No.23) and 300 ±100 (No.22) towards 

the southeastem tip. Northwest of the Sele valley, the Irpinia fault forms a dramatic topographic 

escarpment up to 800 m high for about 15 km. Towards the southwestem part the fault becomes 

less distinct, losing its clear fault morphology where it crosses the Sele valley. The Selle valley 

represents a pre-existing graben linked to the Salemo graben and is bounded by WSW-ENE 

trending normal faults that were active until the Lower Pliocene-Upper Pleistocene (Pantosti 

and Valensise, 1990; Hippolyte et al., 1995). Cross sections and the 1980 surface mptures, both 

indicate that the southeastem end of the fault is located between the eastem flanks of Mt Ogna 

and Mt Marzano (Fig. 5.10a). Overall, this interpretation of the Irpinia fault is similar to 

Westaway and Jackson (1987), as well as to Cocco and Pacor (1993) and it is suggested that the 

mainshock mptured the entire Irpinia fault length from Mt. Ogna up to the northem end of Mt. 

Picentini. Additionally, the San Gregorio fault is attributed as an independent and separate fault 

structure (see below). According to these criteria the Irpinia fault is 31 km in length. Towards 

the southeastem fault tip, the Irpinia fault does not show a single continuous morphologic front 

line dipping towards the northeast, but instead there is a low relief surface with an overall 

southwestem dip, that is dissected by a complex pattem of older stmctures (Nardi and Salvi, 

1993). However, the Irpinia fault as well as the 1980 surface mptures are dipping towards the 

northeast. The latter can explain why the surface mptures in the area between Mt. Ogna and Mt. 

Marzano were facing uphill. As a result, fault activity has not build up a clear morphological 

trace yet towards the southeastem part of the fault, indicating that this area is located close to 

the fault tip, where the fault throw dies out. However Pantosti et al. (1993) based on this lack of 

geomorphic expression towards the southeastem tip of the fault trace, argued that the entire 

Irpinia fault is a young stmcture (0.7 -  1 Myrs old). Trenching of the 1980 surface mptures at 

the basin of Piano di Pecore provided 4 pre-1980 paleoearthquakes that occurred during the past 

8600 years, all of them exhibiting similar amounts of vertical displacement, yielding a vertical 

slip-rate of 0.25-0.35 mm/yr (Pantosti et al., 1993). Pantosti and al. (1993) calculate a finite 

throw of less than 350 m (or 500 m as an upper bound according to Pantosti and Valensise, 

1990) for the Irpinia fault. This finite throw value divided to the fault slip-rate implies an 

upperbound for the initiation age of the Irpinia fault at 0.7-1.0 Ma. In contrast, Ascione et al.
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(2003) based on a high resolution seismic survey across the Piano di Pecore basin, suggested 

that this fault produced no more than 50-60 m of throw during the Quaternary with about five- 

sixths of the 300 m finite throw calculated in the same locality from Pantosti et al. (1993), 

developing in Pliocene times.

The reason for the discrepancy highlighted by the disagreement between Pantosti et al. (1993) 

and Ascione et al. (2003) is, as this study described above, that this measurement is extracted 

close to the fault tip (between the No.22 and No.23 cross sections), where the fault finite throw 

dies out and not close to the centre of the fault where the maximum finite throw is expected. As 

described above the Irpinia fault displays at least a 1 km of throw (No.24) towards the Mt. 

Picentini implying that it is a significantly older structure, whose activity may be indeed traced 

even during Upper Pliocene times as supported by from Ascione et al. (2003). Similar throw 

values (1-1.2 km) can be extracted from Ortolani and Torre's (1981) cross sections in the Valle 

del Sele close to the fault centre, based on seismic reflection profiles.

A scarp profile was constructed at locality 44. The scarp is located in a chestnutwood forest and 

it is undisturbed from human activities. This is the only location where the upper and lower 

slopes of the scarp are defined in a sufficient way, because most of the postglacial scarp forms 

part of the steep limestone escarpment at Mt. Picentini. The scarp profile exhibits a 9.8 m throw, 

implying a throw-rate of 0.54 mm/yr (Fig. 5.1 Obi, Fig. 5.10bii).

5.3.1.2.8.2 The antithetic Iprinia Fault

The 40-second event (Ms=6.3) following the mainshock on the Irpinia fault represented faulting 

in an antithetic sense compared to the previous events, and had a focal mechanism with nodal 

plane dipping at about 70° towards the SW (Bernard and Zollo, 1989; Pantosti and Valensise, 

1990). Westaway and Jackson (1987) in the absence of any reported surface ruptures favoured 

the other nodal plane solution, which involved motion on low angle normal faults, beneath the 

hanging wall of the other faults activated in the earlier ruptures. However, new data supports 

that this event produced up to 8 km of surface ruptures, involving the reactivation of the SW 

dipping limestone bedrock scarp near Costa Monticello site (Blumetti et al., 2002), which lies 

very close to the surface projection of the 40-second fault plane interpreted by Bernard and 

Zollo (1989), based on levelling and seismological data. A continuous bedrock scarp is exposed 

for 3-4 km east from the village of Bella and a scarp profile was constructed at locality 45 (Fig. 

5ci). The profile revealed a 4 m postglacial throw, yielding a throw-rate of 0.22 mm/yr (Fig.
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S.lOcii). Weathering has not degraded the initial scarp in a significant way, consistent with its 

recent activity (Fig. 5.10ciii).

5.3.1.2.9 The San Gregorio Fault

The San Gregorio plain contains two faults; the main west dipping fault that displays a clear 

postglacial scarp, and the antithetic east dipping fault, that ruptured during the second episode 

of the 1980 earthquake and is buried under the San Gregorio Plain (Fig. 5.10a). The San 

Gregorio plain can be characterised as a transfer zone area that marks a change in the fault dip 

direction (Fig. 5.1b). In particular, it forms a transition zone between the southwest dipping 

faults observed south of this zone (Val d’ Agri fault, Vallo di Diano fault, Monte Alpi, Mercure, 

Pollino) and the northeast dipping faults observed north of the zone (Irpinia fault, Volturara 

fault). During the 1980 earthquake sequence surface ruptures were produced at the San Gregorio 

basin (Westaway and Jackson, 1984; Pantosti and Valensise, 1990). Trench site investigations 

on the 1980 coseismic ruptures across San Gregorio plain, revealed four additional pre-1980 

events over the last 10,000 years, yielding a slip-rate of 0.3 mm/yr (D'Addezio et al., 1991). 

However, it is suggested that these events ruptured the antithetic northeast dipping fault and not 

the main southwest dipping fault. A similar interpretation has been introduced by Cinque et al. 

(2000) and Ascione et al. (2003), who estimated a slip-rate less than 0.5 mm/yr for the 

southwest dipping San Gregorio fault that is higher than that for the fault which slipped in 1980. 

Both faults (main and antithetic) are close to each other (within 2-3 km) and are thus considered 

here as one fault in terms of throw and throw-rate calculations. The main San Gregorio fault is a 

NE-SW trending fault which downthrows to the SW and exhibits all the characteristics of an 

active fault. In particular, it exhibits a clear postglacial fault scarp traceable for several km (Fig.

5.1 li), that decreases in height along strike from the centre towards its tips and displays a 

similar pattem of finite throw that diminishes from the fault centre towards its both ends (Fig. 

5.3). A scarp profile was constructed at locality 46, where the bedrock scarp is exposed, 

exhibiting a 5.3 m throw (Fig. 5.1 Iii, Fig. 5.11 iii). A mean value for slip directions extracted 

from the same locality plunges 50° towards 193° (Fig. 5.11iv). At locality 47, the throw of the 

postglacial scarp is estimated to 1.5 m (Fig. 5.1 Iv), indicating that throw-rate is decreasing 

towards the southeastem tip of the fault. Cross sections reveal a maximum throw of 1150 ± 250 

m (No.28 covering both faults) decreasing to 400 ± 100 m (No.29), 3 km from the northwestem 

fault tip, and to 250 ± 100 m (No.27), 3 km from the southeastem fault tip (Fig. 5.3). A 

combination finite throw and throw-rate profiles indicate that the San Gregorio fault is 20 km in 

length. Ascione et al. (2003) identified another NE dipping 16 km long possibly active fault in 

between the NE dipping Irpinia fault and the SW dipping San Gregorio fault, named Mt. Ogna
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fault (Fig. 5.10a). However, they suggested that Mt. Ogna fault produced most of its throw 

(100-150 m) in Pliocene times. Today it may be that only a portion of this fault is still active 

and has a very low slip-rate. Ascione et al. (2003) identified a 2 m high, 200 m long bedrock 

scarp at the base of the northem slop Mt. Serra Melara (between the centre and the northwestem 

tip of the Mt. Ogna fault in Figure 5.10a).

5.3.1.2.10 The Volturara Fault

The Volturara fault is the northemmost fault of the study area in the southem Apennines and 

downthrows towards the NE. Several cross sections reveal a length of 30 km and a maximum 

throw of 950 ± 300 m (No.33, Fig. 5.3). This fault displays an asymmetric finite throw profile 

and the maximum finite throw value is extracted 6-7 km away from its northwestem tip. The 

Volturara fault has not been interpreted as an active fault by other workers. Although no post

glacial scarps have been identified, there are signs in the geomorphology and drainage attesting 

to its relatively recent activity. In particular, it is suggested that the fault is active for several 

reasons such as: i) its geometry (NW-SE trending fault parallel to all other major regional active 

faults), ii) its dramatic morphological expression (very steep fault plane and up to 700 m of 

relief), iii) the fact that it bounds Quatemary lake sediments, and v) the presence of two 

windgaps observed between the village of Volturara and the village of S. Stefano (Fig. 5.12i). 

The ongoing uplift of the footwall diverted the main steam, producing two windgaps tuming the 

valley into an intemal drainage basin containing a lake (Fig. 5.12Ü, Fig. 5.12iii). As far as 

possible postglacial scarps are concemed, it may be possible that lake sediments have buried the 

scarp (Fig. 5.12); a similar case is reported by D’Addezio et al. (1991) in neighbouring lake 

sediments at San Gregorio Magno (sedimentation rate on the order of 0.2-0.4 mm/yr). 

Therefore, a low throw-rate of 0.2-0.3 mm/yr is estimated for the Volturara fault, although this 

value clearly needs further investigation.

5.3.1.3 Analysis of throw-rates and finite throws

This Section is divided into six parts. In Section 5.3.1.3.1, finite throw and throw-rate profiles 

for individual faults are constructed and the values are then summed across strike to produce a 

single composite throw and throw-rate profile. In Section 5.3.1.3.2, after converting cumulative 

throw-rate data into heave rates, an estimate of the spatial along-strike variation in extension 

rate is given. In Section 5.3.1.3.3, a quantitative analysis is performed to unravel how throw- 

rates, finite throws, throw/length ratios, throw and throw-rate gradients, vary spatially along the

197



i ) Altitude 

I I 200-400

I I 400-600

I I 600-800

I I 800-1000

( W l  1000-1200

m  1200-1400 

>1400

500m

Volturara,

Figure 5.12 a) i) Topographie maps showing the windgap locations towards the Volturara 

fault, ii) Photos of the Volturara fault windgaps. b) Sketch showing that the postglacial scarp 

may be buried under the lake sediments.

198



i i )

iii)
NESW

Limestone Post glacial scarp

Lake sediments

Figure 5.12 (continued)

199



Chapter 5

fault system in the southern Apennines. In Section 5.3.1.3.4, finite cumulative throws and 

cumulative throw-rates are compared, in order to: i) test different fault initiation ages for the 

region proposed by several authors, and ii) obtain some insights concerning the fault array 

evolution through time. Based on the results obtained from the previous Sections, two different 

fault growth scenarios are examined in Section 5.3.1.3.5, which is then followed by extensive 

discussion in Section 5.3.1.3.6.

5.3.1.3.1 Cumulative throw and throw-rate diagrams

5.3.1.3.1.1 Methodology

In order to have a complete picture of the throw and throw-rate distribution as well as to 

calculate the maximum summed finite throw and throw-rate for estimating the extension rates, 

throw and throw-rate profiles for individual faults were constructed and the values were then 

summed across strike to produce a single composite throw and throw-rate profile. Throw values 

were extracted from all cross sections constructed during this study and presented in Section 

5.3.1.2, except for the Monte Alpi fault where a finite throw value was extracted from Corrado 

et al. 's (2002) cross section based on subsurface data (seismic reflection profiles and deep well 

logs). Throw-rate data incorporate both the values extracted from this study and published 

values (see Table 5.2). For each fault a diagram of throw and throw-rate versus distance along 

the fault was constructed. For fault structures such as the Val d' Agri fault, which consists of 

several overlapping segments, all the individual throw and throw-rate values of each segment 

were added to the main fault. Then, all the data were projected across strike to construct a NW

SB trending composite profile including the whole 175 km in length fault array (Fig. 5.13, Fig. 

5.15 the line from B to C is visible also on Fig. 5.1b). Values were summed along transects 

located every 5 km along strike, with transects (36 in total) oriented perpendicular to the overall 

NW SB fault strike.

5.3.1.3.1.2 Results and Interpretation

To the immediate southeast of the Pollino fault no other major active faults are known to exist. 

The nearest reported active faults are located about 40 km towards the southwest of the Pollino 

fault, in the Crati valley and form part of the N-S trending Calabrian fault system. Similarly, 

northwards from the Volturara fault, it is possible to draw a straight NB-SW oriented transect, 

without crossing a known active fault. The nearest known active fault is located a few tens of
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Figure 5.13 Finite throw profiles for the major active normal faults in southern Apennines. 

The letters B and C in Figure 5.1b represent the northwest and the southeast end of the 

profile, respectively. Error bars are discussed in Section 5.3.1.1.2.
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Figure 5.14 Throw-rate profiles for the major active normal faults in southern Apennines. 
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kilometres northwest from the Volturara fault and hosted the 1962 earthquake sequence 

(Westaway, 1987). Two moderate events with Ms=6 occurred, but no surface ruptures were 

observed. Additionally, this fault does not have a clear topographic expression, in contrast to all 

the other active faults in the area, implying that no systematic on-going surface slip has been 

accumulated through time. As a result, it is argued that this fault has no significant impact in the 

calculations. In conclusion, it is clear that the normal fault system dies out northeast of the 

Volturara fault and southeast of the Pollino fault, before reaching any other active faults.

Generally, finite throws and throw-rates along individual faults decrease from a maximum close 

to the centres of the interpreted faults of this study, to a minimum close to their tips (Fig. 5.13, 

Fig. 5.14). A similar picture is evident for both the summed finite throws and throw-rate 

diagrams. The summed finite throw/distance profile along strike from the northwest end of the 

fault array, shows a clear maximum of 3100 ± 700 m at the centre of the array and a secondary 

high value of 3000 ± 750 m around 125 km from the northwestern end (Fig. 5.15). The summed 

throw-rate/distance along strike the fault array profile displays a similar pattern with two clear 

maximum values, one towards the centre of the array, 85 to 100 km away from the northwestern 

end of the array, and another one located 125 to 135 km away from the northwestern end of the 

array, with maximum values around 1.1 mm/yr (Fig. 5.16).

5.3.1.3.2 Extension rates

Large seismogenic normal faults are approximately planar in cross section and the majority 

have dips in the range between 30° and 60° (Jackson, 1987; Jackson and White 1989). Summed 

throw-rates displayed above have been converted into heave-rates, assuming planar fault 

geometry and a 45° fault dip. Therefore, a maximum extension rate of 1.1 ± 0.25 mm/yr is 

calculated, which tapers to zero both southwards and northwards. Although most of the surface 

exposures of fault planes described above exhibit steeper dips (50°-65°), data concerning the 

fault geometry at depth show both high and low dip values. The complex 1980 focal mechanism 

(the only available large event) had a 60° dip for the main rupture, and a 70° dip for the 

antithetic rupture (e.g. Westaway and Jackson, 1987; Pantosti and Valensise, 1990; Cocco and 

Pacor, 1993). On the other hand, seismic reflection profiles suggest an approximately 50° dip 

for the Val' D' Agri fault and a 45° dip for the Vallo di Diano fault (Noguera and Rea, 2000). As 

a result it is argued that a 45° fault dip value is probably a lower bound for the normal faults in 

southern Apennines, thus providing a maximum value for the heave-rate. If a higher fault dip 

value such as 50° is used, moderately lower extension rates of 0.92 ± 0.21 mm/yr are calculated 

and if an even higher fault dip value of 60° is used, a significantly lower extension rate of 0.64 ±
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0.14 mm/yr is extracted. As a result, it is argued that the 1.1 ± 0.25 mm/yr extension rate should 

be considered to be a maximum value.

5.3.1.3.3 Relationships between throw/length ratios, finite fault throws, throw-rates, throw 

gradients and throw-rate gradients with distance along strike the fault array

5.3.1.3.3.1 Spatial variation in Throw/length ratios

The faults described above have lengths between 20-45 km and maximum throws between 700 

and 2100 meters (Table 5.2). Their throw/length ratios are 0.025-0.058. These values are 

towards the higher end range of the displacement/length ratios recorded from worldwide 

databases (0.001-0.1; Schlische et al., 1996). Figure 5.17a shows that a correlation exists 

(although weak, R^=0.34) between throw/length ratios and distance along strike from the nearest 

end of the fault array. In particular, centrally located faults tend to exhibit higher throw/length 

ratios compared to distal faults.

5.3.1.3.3.2 Spatial variation in finite throws

Throws along individual faults decrease from maxima close to the centres of the interpreted 

faults to a minimum at fault tips (Fig. 5.13, Fig. 5.18a). Quantitative analysis shows a strong 

positive correlation (R^=0.63) between finite throw values and distance along strike from the 

nearest end of the fault array (Fig. 5.17b). In particular, faults with greatest throws are 

positioned in the centre of the array (Fig. 5.13).

5.3.1.3.3.3 Spatial variation in throw-rates

A similar picture is evident for fault throw-rate values. Centrally located faults exhibit 

significantly higher throw-rates compared to the distal faults (Fig. 5.14). Quantitative analysis 

shows a clear positive correlation (R^=0.55) between throw-rates values and distance along 

strike from the nearest end of the fault array (Fig. 5.17c).
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Figure 5.17 a) Graph showing how throw/length ratios on individual faults are correlated 

with distance along strike the fault array. Throw/length ratios tend to increase in value 

towards the centre of the array, b) Graph showing how finite throws of individual faults are 

correlated with distance along strike of the fault array. Quantitative analysis shows a 

relatively strong correlation, c) Graph showing how throw-rates of individual faults are 

correlated with distance along strike the fault array. Centrally located faults exhibit higher 

throw-rates compared to distal faults. Quantitative analysis shows a significant correlation. 

between throw-rates and distance from the nearest end of the array, implying that fault 

interaction processes are active (sensu Cowie and Roberts, 2001).
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Figure 5.18 Graphs showing the relationships between: a) finite throw and b) throw-rate with 

normalized distance along a fault, for 5 individual faults. The distance along the fault has 

been normalized (0 represents the centre of the fault and 100 the tips) so as to facilitate 

comparison between different faults, c) Graph showing the relationship between the slope of 

normalized distance versus throw and distance along strike the array. This is a measure of 

how throw gradients vary with distance along the strike of the overall array, d) Graph 

showing the relationship between the y-intercept (i.e. another measure of maximum throw) 

and distance along the array, e) Graph showing the relationship between the slope of

normalised distance versus throw-rate and distance along strike of the overall array. This is a

measure of how throw-rate gradients vary along strike the array. Four faults have been 

omitted, because throw-rate observations were not sufficiently dense enough to provide 

reliable values, f) Graph showing the relationship between the y-intercept (i.e. another 

measure of maximum throw-rates) and distance along the array. Again, four of the faults have 

been omitted (the same faults as graph d), because throw-rate observations were not

sufficiently dense enough to provide reliable values.
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5.3.1.3.3.4 Spatial variation in throw gradients

To investigate if and how displacement gradients of individual faults vary along the fault array, 

the fault lengths have been normalized from their centres to emphasise their throw differences 

and facilitate comparison between faults with different lengths. Displacement gradient is the 

change in displacement as a function of distance along the fault (e.g. Cartwright and Mansfield, 

1998). Figure 5.18a demonstrates that different slopes (throw gradients) exist for different 

faults. For example, the Val' D' Agri and the Vallo di Diano faults, located towards the centre of 

the array, have significantly steeper gradients compare to the Pollino and the Irpinia faults, 

which are positioned closer to the tips of the array (Fig. 5.18a). Quantitative analysis shows that 

slope values are correlated with distance along the overall array, increasing towards the centre 

of the array (R^=0.5, Fig. 5.18c). The same picture is evident for the y-intercepts for this 

relationship, which show that maximum finite throws increase progressively as approaching the 

centre of the array (R^=0.6, Fig. 5.18d). The y-intercepts are another way of extracting the 

maximum throw. All the above clearly demonstrate that faults show increasingly steep 

displacement gradients as they approach towards the centre of the fault array.

5.3.1.3.3.5 Spatial variation in throw-rate gradients

Throw-rate gradients vary in a similar way to throw gradients described above (Fig. 5.18b). 

There is, as expected, an inverse relationship between the normalised distance from the fault 

centre and fault throw-rates for individual faults. However, reliable data exist for only six of the 

faults, so results and trends should be observed with some caution. Quantitative analysis shows 

that slope values are weakly correlated with distance along the overall array (R^=0.33, Fig. 

5.18e), but values for the y-intercept display a considerably stronger relationship (R^=0.56, 

Fig.5. 18f). The y-intercept values are another way of extracting the maximum throw-rates and 

provide us information indirectly about the slope values. Overall, a clear trend exists, showing 

that centrally located faults exhibit steeper throw-rates than distal faults (e.g. in Fig. 5.18b 

compare the Val' Agri fault in respect to the Pollino fault).

5.3.1.3.3.6 Synthesis and interpretation

It has been shown that centrally located faults exhibit higher throw-rates and finite throws 

compared to distal faults. This clearly demonstrates that even though faults are not physically 

linked, they interact through their stress fields and form a 175 km long soft linked fault array
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(e.g. Gupta and Scholz, 2000; Roberts and Michetti, in press). The throw/length ratio of the 

whole 175 km in length fault array that displays a maximum finite throw of 3.1 km (see Section

5.3.1.3.2 below), is 0.017; a value significantly less than the values extracted for individual 

faults (0.025-0.058). The latter suggests that the whole array is underdisplaced, and that fault 

throws particularly on centrally located faults, have not had the time yet to fully readjust to the 

new growth rates. The implication of this is that centrally located faults will develop even larger 

finite throws and eventually will gain even higher values for their throw/length ratios (Cowie 

and Roberts, 2001). If this is the case, a significantly stronger correlation between throw/length 

ratios of individual faults and distance along strike from the nearest end of the fault array, will 

be established in the future, in contrast to the weak correlation observed today (Fig. 5.17a). 

However, it is interesting to note that there is a strong correlation between finite throws with 

distance along strike the array, implying that the initiation of interaction has started a relatively 

long time ago and has already established higher finite throws for centrally located faults. 

Finally, throw profiles are also affected by fault interaction (e.g. Peacock and Sanderson, 1991; 

Nicol et al., 1996; Willemse et al., 1996; Contreras et al., 2000). This is evidenced by the fact 

that as approaching the centre of the array, progressively steeper finite throw and throw-rate 

gradients are observed. These results are similar to Roberts and Michetti (in press) for Lazio- 

Abruzzo (a discussion is offered in Section 5.4.1).

5.3.1.3.4 Comparison of finite cumulative fault throws and throw-rates

In order to investigate whether deformation rates have changed through time and test which of 

the fault initiation ages reported in the literature are consistent with the data collected in this 

study, summed finite throw and throw-rate profiles are compared.

5.3.1.3.4.1 Methodology

Based on the ratio of present day throw-rate to finite throw, estimates of the initiation age of 

normal faults can be given. In particular, the present day throw-rates are projected over 2, 2.5, 3 

and 4 Myrs to predict what throws would have developed if throw-rates have remained constant 

over these time periods (Fig. 5.19). In such so doing, it is assumed that: i) all faults initiated 

synchronously, and ii) that present day throw-rates remained constant throughout the fault array 

history. In other words, the mean throw-rate value of the entire fault history is compared against 

the present day throw-rate, providing important insights on the fault growth history. Roberts et
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Figure 5.19 Graph showing the measured and the predicted throw values over different fault 

initiation ages. Predicted throw values are projected over 2, 2.5, 3 and 4 Myrs, assuming that 

present day throw-rates remained constant through time and that faults initiated 

synchronously. Fault initiation ages over 2.5 and 3 Myrs correlate fairly well, with the 

measured throw.
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al. (2002) and Roberts and Michetti (in press) followed this methodology for central Apennines, 

allowing a comparison between central and southern Apennines to be made (See Section 5.4.1).

5.3.1.3.4.2 Interprétation-Implications for the faults initiation age

Figure 5.19 shows that measured finite throws and predicted finite throws (derived from the 

projection of present-day throw-rates), covering the whole data, compare reasonably well, only 

if a 2.5 or 3 Ma is set as the fault initiation age. Values over 4 Ma or 2 Ma, consistently 

overestimate or underestimate the measured finite throws along the whole fault array. Indeed, 

fault initiation ages over 4 Ma or earlier are unlikely since thrusting was still active in the 

eastern parts of the investigated area up to Lower-Middle Pliocene times (e.g. Malivemo and 

Ryan, 1986; Patacca et al., 1990). On the other hand, if present day throw-rates are extrapolated 

over 2 Myrs, the predicted finite throw values are significantly lower to the measured values. 

This underestimation is evident uniformly along strike the whole array. The only possible 

explanation would be that faults had higher throw-rates over the past 2 Myrs compared to 

present-day values, suggesting that throw-rates on all faults have decreased with time. That 

would imply that either convergence rates have decreased dramatically, or that strain is now 

taken up by other structures, possibly located further northwest, following the migration of the 

thrust belt. However, no dramatic decrease in convergence rates has been demonstrated for the 

last several hundred of thousands of years in the study area. Additionally, no other major active 

faults are observed further northwest, and seismicity in these areas where the foredeep deposits 

emerge, is either low or absent. Thus, it is concluded that a 2.5-3 Ma fault initiation age is 

consistent with the data collected in this study.

Present day throw-rates extrapolated over 2.5-3 Myrs can predict fairly well the measured finite 

throw pattern. Two areas of discrepancy between the predicted and the measured throw values 

are observed in the data. The first is located between 35 to 45 km from the northwest end of the 

array, where the predicted throw values diverge from the measured throw values and are slightly 

plotted outside the error bars. This is an area influenced solely by the Irpinia fault. The Irpinia 

finite throw may have been underestimated. The geological marker (late Miocene deposits) used 

for the cross section No.24 where the maximum finite throw was calculated, has a limited 

surface expression towards the footwall centre of the fault (thus choices for cross section traces 

were limited) and there is also an uncertainty about its thickness on the hanging-wall (e.g. if the 

late Miocene deposits are thicker than 200 m, the fault finite throw will increase). The other 

discrepancy is observed on the lower values close to the centre of the array (Fig. 5.19), between 

the measured and the predicted throw values (e.g. the area 100 to 110 km away from the
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northwest end of the array). These areas coincide either with fault tips, or with areas placed in 

between two faults (e.g. see Fig. 5.13, Fig. 5.14). It is suggested that this discrepancy is due to 

the diffuse character of deformation observed around fault tips, relay zones or transfer 

displacement zones to neighbouring faults. A portion of such deformation around fault tips is 

accommodated by ductile strain through folding and stretching (Dawers et al., 1993; Morley and 

Wonganan 2000), whereas another portion is distributed through smaller scale structures (Nicol 

et al., 1996) such as segment boundary faults (Morewood and Roberts, 2000). In these areas it is 

difficult to calculate and quantify the deformation involved, and a considerably higher temporal 

and spatial resolution study is required (e.g. 1:10000 geological maps). Therefore, it is possible 

that finite throw values in these areas may have been underestimated. However, since these 

areas are strictly restricted around fault tips, this has little impact on the overall conclusions.

In the following part of this section, the 2.5-3 Ma fault initiation age suggested in this study is 

compared with published data. Most of the study area is part of the inner portion of the south- 

Apenninic chain where thrusting occurred between the Late Miocene and Early Pliocene, which 

then followed by extension (Amato and Cinque, 1999; Pescatore et al., 1999). However, in 

southern Apennines there is little agreement on the normal faulting initiation age. When the 

tectonics of the central and southern Apennines was already dominated by crustal extension, 

widespread uplift occurred during the Quaternary (DAgostino et al., 2001), but this does not 

clarify the extension initiation age. This post-700 kyrs regional uplift of the southern Apennines 

is widely recognized, based on the elevations of the marine terraces (Westaway, 1993; Bordoni 

and Valensise, 1998). In contrast, some scientists suggest that this regional uplift in the Middle 

Pleistocene coincides and/or is related to the initiation age of the active normal faults, implying 

a 0.7-1 Ma initiation age (Pantosti et al., 1993; Hippolyte et al., 1994; Van Dijk et al., 2000). 

However, this post-700 kyrs of uplift was regional, affecting a wide area whose largest part is 

not influenced by the presence of active normal faults. Therefore, a question arises as to why the 

differential strictly localised uplift/subsidence rates of individual faults were influenced so 

dramatically by such a regional widespread uplift. If this regional uplift is attributed to normal 

faulting activity, as proposed by some workers, thus connected to seismicity, then for the 

Apenninic foredeep deposits, where an uplift rate of 0.5-0.8 mm/yr is calculated (Westaway, 

1993), one would expect high seismicity rates that are comparable or slightly lower than the 

seismicity rates of the Apenninic belt, where an uplift of 0.5-1 mm/yr is recorded. On the 

contrary, seismicity is very low, or absent on the Apenninic foredeep deposits. Additionally, it 

is not clear if uplift really initiated at 700 ka; significant uplift rates have also been reported to 

have occurred before this post-700 kyrs and in particular during Lower Pliocene (Van der 

Meulen et al., 2000), Upper Pliocene times (Ascione et al., 2003; Schiatarrella et al., 2003) and 

Lower Pleistocene times (Ascione and Romano, 1999; Schiatarrella et al., 2003). Finally, Figure
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5.19 shows clearly that a 0.7 Ma fault initiation age does not explain the finite throws using 

present day throw-rates, unless the faults have slowed, for which there is no evidence, implying 

that the faults were active before this widespread uplift at 0.7 Ma began.

Other workers like Ferranti et al. (1996) and Cinque et al. (1993) support that the high angle 

normal faults in southern Italy formed close to the Pliocene-Pleistocene boundary (-1.8 Ma). 

Overall, most workers suggest that the extension affecting the Tyrrhenian continental margin of 

the southern Apennines is mainly Pliocene-Pleistocene (Bartole et al., 1984) and that normal 

faulting in Apennines has been active since the Upper Pliocene-Early Pleistocene (Patacca et al., 

1990). Beyond the above, the interpreted age of initiation of extension (2.5-3 Ma) is consistent 

with stratigraphie studies (detailed below), which show that these normal faults are Pliocene in 

age (Westaway and Jackson, 1987; Westaway, 1987; Knott and Turco, 1991; Oldow et al., 

1993; Ascione and Romano, 1999).

For example, the onshore basins in Calabria, as well as the Mercure basin in the southern 

Apennines, contain thick sequences of Pliocene to Pleistocene sedimentary rocks, which pass 

upwards from marine to continental deposits (Knott and Turco, 1991). Additionally, the 

Camerota extensional basin in the southern Apennines formed during the Late Pliocene and 

contains lacustine sediments of similar age (Ascione and Romano, 1999). Moreover, the Crati 

basin that is located about 40 km south of the study area, is a Pliocene-Holocene extensional 

basin filled by the progradation of different types of marine fan-delta systems, characterized by 

syn-sedimentary tectonic activity (Colella et al., 1987). The opening of the Crati basin took 

place during the Early Pliocene, followed by an important phase of regional uplift at the end of 

Early Pleistocene (Collela et al., 1987). All the above imply that normal faults bounding these 

basins were active in the Pliocene (pre-1.8 Ma). A similar picture is evident for the central 

Apennines, where the lower parts of intermontane basins bounded by active normal faults 

contain Middle to Late Pliocene sediments (Cavinato and De Celles, 1999; D'Agostino et al., 

2001). For example, seismic profiles from the Fucino basin show a thickening and tilting of 

Upper Pliocene and Pleistocene deposits towards the Fucino and the other surrounding faults, 

demonstrating that the extensional phase started in Middle to Upper Pliocene times (Cavinato et 

al., 2002). A similar study to that presented here of finite throw to throw-rate ratios, confirmed 

the above estimates for central Apennines, implying “on average” an age of 3 Myrs fault 

initiation (Roberts et al., 2002). As a result, since the southern Apennines form the middle part 

of the 800 km in length fault system comprised from (Abruzzo-Irpinia-Calabria), a similar fault 

initiation age along the whole system might be expected.
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5.3.1.3.5 Fault growth scenarios

Based on the previous Section 5.3.1.3.4, different scenarios concerning fault growth processes 

can be examined. It is shown that the pattern of summed throw-rates recorded for the last 18 

kyrs, can produce the pattern of summed finite throws, if a 2.5-3 Ma fault initiation age is 

implied (Fig. 5.19). Thus, throw-rates do not appear to have changed through time. One can 

then suggest that fault throw-rates remained constant throughout the faults' history, a similar 

case to that suggested by Nicol et al. (1997). However, in the previous Sections (5.3.1.3.1 and 

5.3.1.3.3) it has been clearly demonstrated that these faults interact, implying that their throw- 

rates should have been enhanced at some point in time. In this Section, two possible scenarios 

will be examined that can potentially explain why throw-rates appear constant throughout the 

faults' histories, even though there is strong evidence of elastic interaction. Either fault throw- 

rates speeded up very recently, implying a scenario of late interaction (Section 5.3.1.3.5.1), or 

fault throw-rates speeded up very early in their history, implying a scenario of early interaction 

(Section 5.3.1.3.5.1).

Before examining these two scenarios it is useful to describe one model of fault growth which 

describes the two distinct pre-linkage stages of fault evolution (Fig. 5.20, Cowie and Roberts, 

2001). This process was described in Chapter 2 (Section 2.5 and 2.6) and it is also briefly 

presented here. During the first stage faults grow in a self-similar way and propagate laterally, 

increasing both their length and displacement, except during linkage. At that stage, throw and 

throw rate values are uncorrelated with distance along the array. During the second stage, when 

faults achieve a certain size and are close to each other, they start to interact, and the whole fault 

array behaves as one large fault. As a result, their lateral propagation is restricted and centrally 

located faults will exhibit higher throw-rates in order to re-adjust their throws and achieve 

higher D/L ratios as implied from fault scaling arguments (Schlische, et al., 1996). The decrease 

in fault tip propagation rate reflects the onset of local elastic interactions between the tips of 

propagating faults and results in high displacements gradients (Nicol et al., 1996) and in a 

positive correlation between finite throws and throw-rates with distance from the tips of the 

array (e.g. Roberts and Michetti, in press).

5.3.1.3.5.1 Scenario of early interaction

In this scenario the first stage in fault evolution history was short in duration, implying that a 

similar low amount of displacement accumulated in all of the faults (Fig. 5.21). This scenario 

implies that faults initiated synchronously. When interaction started, centrally located faults
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Figure 5.20 Conceptual model of fault growth from Cowie and Roberts (2001). During stage 

1 faults grow in a self similar fashion, increasing both their displacements and lengths except 

during linkage. During stage 2 when faults achieve a certain size, they start to interact, and the 

whole fault array behaves as a one large fault. As a result, their lateral propagation is 

restricted and centrally located faults will exhibit higher throw-rates in order to re-adjust their 

throws and achieve higher D/L ratios as implied from fault scaling arguments. In conclusion, 

centrally located faults will exhibit higher throws and throw-rates and steeper throw and 

throw rate gradients compared to distal faults.
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Figure 5.21 First scenario of fault evolution through time for an array of five faults. Stage 1 

represents self-similar fault growth. Stage 2 marks the onset of fault interaction, leading to 

higher displacement rates on centrally located faults. During stage 1, a similar low amount of 

displacement accumulated on every fault. During the prolonged stage 2, a large amount of 

displacement accumulated on all of the faults, particularly on centrally located faults. The 

amount of displacement accumulated during the first stage represents only a small portion of 

the finite fault throws (10-20% of the central faults and 25-30% of the distal faults). When 

projecting the 18 ka throw-rate values over 2.5-3 Ma, no substantial difference between the 

measured and the predicted values, will be observed.
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enhanced their throw-rates and accumulated more throw, steepening their displacement 

gradients. The onset of fault interaction started very early, so most of their finite throws 

accumulated during the second stage. As a result, by extrapolating the 18 ka throw-rate values 

over 2.5-3 Ma, no substantial difference will be observed between the measured and the 

predicted values, since the predicted finite throw values will be plotted within the errorbars. So 

the first stage contributes insignificantly to the finite throw values, thus it is not detected 

through the comparison of measured and predicted finite throw. In conclusion, it is suggested 

that the duration of the first stage was too short for the discrepancy between the measured and 

the predicted throw to emerge. On the other hand, the second stage was prolonged, covering a 

substantial portion of the fault evolution history, so central and distal faults, tend to provide 

similar initiation values.

5.3.1.3.5.2 2"̂  Scenario of late interaction

This scenario implies that interaction started very recently and that faults do not initiated 

synchronously. In that case, throw-rates increased recently and the accumulated throw during 

the second short in duration stage, is very small (Fig. 5.22). Therefore, no discrepancy is 

observed between the measured and the predicted throws for the centrally located faults, 

because finite throws were mainly developed prior to interaction. If this is true, then a 

significantly older fault initiation age should be applied for the centrally located faults in order 

to accommodate their higher finite throws (e.g. 4-5 Ma).

5.3.1.3.5.3 Discussion

Two scenarios have been presented that can potentially explain why no discrepancy is observed 

between measured and predicted finite throw values, even though: i) this is different to Lazio- 

Abruzzo, and ii) there is strong evidence of elastic interaction that resulted in higher finite 

throws and throw-rates on centrally located faults. In this Section, it is argued that only the 

scenario of early interaction can be accepted. In contrast, the scenario of late interaction is 

rejected because it implies that centrally located faults initiated around 4-5 Ma. This contradicts 

the available published field data, because thrusting was still active in some parts of the study 

area during Middle-Lower Pliocene times (e.g. Malivemo and Ryan, 1986; Patacca et al., 1990; 

Van Dijk et al., 2000). It is difficult to conceive how thrusting and extension can be 

contemporaneous in the same location and at the same elevation. Secondly, this scenario implies
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Figure 5.22 Second scenario of fault evolution through time for an array of five faults. In this 

scenario, fault interaction initiated very recently, implying that the accumulated throw during 

the second short duration stage, is very small. Therefore, no discrepancy is observed between 

the measured and the predicted throw values for the centrally located faults. This scenario 

implies significantly different initiation ages between the central and the distal faults (4 -5 Ma 

for centrally located faults, 3 Ma for the distal faults), but this hypothesis cannot be justified 

either from published data or from this study. Additionally, thrusting was still active in Lower 

Pliocene times, suggesting that this scenario is inadequate for the tectonic setting of southern 

Apennines.
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different initiations ages between central and distal faults. There is no evidence for this from this 

study or from published data.

In the scenario of early interaction, the first stage during which throw-rates were lower was 

short in duration (20%-30% of the deformation history, estimated using 2 Ma), so the finite 

throw deficit between the first low throw-rate stage and the second higher throw-rate stage, is 

small and plotted within the errorbars (± 500 m for the 2100 m finite throw of the Val’ D’ Agri 

fault) (Fig. 5.21). In other words, the first stage has not left a significant imprint on the finite 

throw and therefore has passed unnoticed. Moreover, this scenario is in agreement with the 

results obtained from the quantitative analysis presented in Section 5.3.1.3.3. In particular, the 

strong positive correlation observed between the finite throws and distance from the nearest end 

of the array, indicates that the second stage was prolonged (Fig. 5.13b). The latter implies that 

interaction and thus enhanced throw-rates have been established early enough in order to 

produce higher finite throws on centrally located faults.

5.3.1.3.6 Discussion

Ten major active normal faults have been documented in the southern Apennines and data on 

finite throws and throw-rates have been presented. Deformation rate data are averaged over 18 

kyrs, a time span probably long enough to cope both with the incompleteness of the historical 

record and the temporal earthquake clustering problems. All faults described above are active 

and capable of hosting large magnitude earthquakes because they have undergone slip at the 

surface. In contrast, the historical record confirms surface ruptures only for the Irpinia fault 

(Westaway and Jackson, 1984), the San Gregorio fault (D’ Addezio et al., 1991) and possibly 

for the Val' D' Agri fault (Benedetti et al., 1998). It is clear that the historical record does not 

include rupture of every fault in the region for which post-glacial surface fault slip has been 

demonstrated. Thus, it is argued that the throw-rates extracted from this study, represent the 

long-term seismic behaviour of faults in the region more completely than the 

historical/instrumental earthquake record. Data presented herein show that centrally located 

faults exhibit higher throw and throw-rates than distal faults. Therefore, these central faults have 

accumulated more slip and experienced more earthquakes in a given time period (18 kyrs), 

compare to distal faults, assuming a given frequency-magnitude distribution. As a result, 

centrally located faults pose a greater seismic hazard than distal faults. Moreover, it has been 

demonstrated that throw-rates vary along strike individual faults (localities 39, 40, 41 towards 

the NW part of the Vallo di Diano fault), exhibiting higher throw-rate values closer to the fault
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centre that diminish to zero towards the fault tips, a feature that in not commonly used in hazard 

assessments (e.g. USGS, 1999, use a single value per fault).

Estimates of extension rates in the same area, have been made by other workers. In particular, 

Pantosti et al., (1993), calculated an extension rate value of less than a 1 mm/yr, based on the 

slip-rate extracted from the trench site on the Irpinia fault (0.25-0.35 mm/yr), assuming that “a 

couple” of parallel active faults with the same slip-rate may exist across the Apennines. 

Westaway (1992) mentioned a value of 2.6 mm/yr, based on seismic moment summation for 

historical earthquakes, assuming that: i) the Irpinia fault has an extension rate of 0.6 mm/yr, ii) 

the Irpinia antithetic fault has a rate of 0.2 mm/yr, iii) the 1694 and the 1930 historical events 

suggest the existence of two additional neighbouring active faults with similar rates to the 

Irpinia fault, iv) the Albumi fault has a similar slip-rate to the Irpinia fault. However, there is 

still an ongoing debate about the epicentre locations and magnitudes of several historical events, 

such as the 1930 event, where there is lack of information concerning the fault position and 

geometry (Nostro et al., 1997). Additionally, several scientists suggest that the Irpinia fault has 

ruptured again during the 1694 event (Fig. 5.2, producing a similar isoseismal distribution to the 

1980 earthquake (e.g. Serva, 1981; Deschamps and King, 1983; Nostro et al., 1997). The 

workers described above have attributed a uniform slip-rate value along the faults, but it has 

been demonstrated that throw-rates vary along strike the faults (e.g. Fig. 5.9 localities 39, 40, 41 

and 42 see also Table 5.2). Therefore, it is argued that the results presented in this study are 

more representative of the whole setting of southern Apennines since they cover the entire fault 

population and offer a complete geographic coverage along strike the fault array, compared to 

other estimates that are based on a single fault locality.

Based on throw-rates and assuming a 45° dip, which is the lower bound for the area (as argued 

in Section 5.3.1.3.4), a maximum extension rate of I .l ± 0.25 mm/yr is calculated across the 

strike of the southern Apennines. This value is significantly lower than the 3.9 ± 0.8 mm/yr 

calculated for the central Apennines (see Section 4.3.1.4) after following a similar procedure or 

the 3-6 mm/yr extension rates reported for the central Apennines from other published values 

(Anderson and Jackson, 1987; D’Agostino et al., 2001b; Roberts and Michetti, in press).

These values are also inconsistent with the idea that extension rates are controlled by rotation of 

rigid plates about an Euler pole in the northernmost Apennines (Anderson and Jackson 1987, 

Westaway et al., 1989). This hypothesis predicts that extension rates increase linearly to the 

southeast (i.e. from central Italy to southern Italy). However, according to this study the 

extension rate in the southern Apennines (1.1 mm/yr) account for less than 30% of the extension 

rate value calculated for the central Apennines (3.9 mm/yr).
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Quantitative analysis shows that there is strong evidence of elastic interaction processes. In 

particular, centrally located faults exhibit significantly higher finite throws, throw-rates and 

steeper throw and throw-rate gradients compared to the distal faults (Fig. 5.13, Fig. 5.14). When 

summed across strike, finite throws and throw-rates decrease from a maximum close the centre 

of the array (3.100 m and 1.1 mm/yr) to a minimum close to the positions of the northwestern 

and southeastern tips of the Volturara and the Pollino faults respectively (Fig. 5.15, Fig. 5.16). 

The above clearly demonstrate that although faults are not physically linked, they interact 

through their stress fields and form a 175 km long soft linked fault array, which acts as a single 

fault. These findings are similar to those predicted for interacting faults by Cowie and Roberts 

(2001).

The throw/length ratio of the whole 175 km in length fault array is 0.017. This value is 

significantly less than the values extracted for individual faults (0.025-0.058), indicating that the 

whole array is underdisplaced, and that fault throws particularly on centrally located faults, have 

not had the time yet to fully readjust to the new growth rates. Since the array is underdisplaced, 

it has to re-equilibrate and obtain an appropriate displacement length scaling (Cowie and 

Roberts, 2001). The implication is that centrally located faults will develop even larger finite 

throws and eventually will gain even higher values for their throw/length ratios. As a result, it is 

suggested that the development of higher throw/length ratios for centrally located faults will 

lead to a significantly stronger correlation between throw/length ratios of individual faults and 

distance along strike from the nearest end of the fault array, in contrast to the weak correlation 

observed today (Fig. 5.17a). This latter suggests that throw/length ratio is not constant through 

time, and as the fault system becomes more mature a progressive increase in throw/length ratio 

will be observed (Dawers and Anders, 1995; Walsh et al., 2002).

One of the questions arising is where this extra strain per unit time leading to higher throw-rates 

in centrally located faults has come from. In central Apennines it has been demonstrated that at 

least 4 faults that were active during the Lower-Middle Pleistocene are today inactive providing 

the extra strain needed to speed up the remaining faults (Roberts et al., 2002). In the southern 

Apennines there are possibly two examples in the literature showing faults that have slowed 

down through time. For example, based on the study of planation surfaces and scarp 

morphology it is supported that the Mt. Ogna fault and the antithetic NE dipping Val' D' Agri 

fault have slowed down dramatically and/or are partly inactive during the late Quaternary times 

(Ascione et al., 2003; Schiattarella et al., 2003). It is possible that several other below resolution 

faults (<5 km in length with finite throws <300 m) that were active in late Pliocene-early 

Pleistocene times, but were positioned in stress shadow zones, became gradually inactive in 

later stages and the extra strain has taken up by neighbouring active faults. Overall, it may be
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that the former strain rate of the Mt Ogna fault is now taken up by the San Gregorio and Irpinia 

faults, whereas the former strain rate of the NE dipping Val' D' Agri fault is taken up by the Val' 

D' Agri and the Vallo di Diano faults, respectively.

Even though strong evidence for interaction exists, the faults remain soft-linked. These 

observations are similar to the pattern of late fault linkage (Cowie et al., 2000), where 

neighbouring faults begin to interact and re-adjust their displacement profiles prior to physical 

linkage. This pattern has been demonstrated in numerical fault growth simulations as well as in 

natural examples (Peacock and Sanderson, 1991; Willemse et al., 1996; Nikol et al., 1996; 

Cowie, 1998; Gupta and Scholz, 2000; Cowie and Roberts, 2001). The physical mechanism 

driving this is based on the concept of stress triggering of earthquakes (Stein at al., 1992), 

whereas a seismic rupture of a fault perturbs the surrounding stress field, advancing the 

occurrence of future earthquakes on some faults that are optimally oriented and located, while 

relaxing stress on others which are not (King et al., 1994). This results in higher throw-rate 

values on faults located centrally within faults arrays since they are reloaded more often, 

compared with distal faults (Cowie, 1998; Cowie and Roberts, 2001). Interaction also leads to 

progressive localization of fault activity. As interaction becomes stronger there is an increase in 

the number of faults becoming inactive as they become encompassed within areas of stress 

shadows cast by high throw-rate and/or larger faults (Cowie et al., 2000). This is also consistent 

with the fault pattern in the southern Apennines, because faults are distributed over a narrow 

area (within 25 km), implying that strain has become highly localized on a soft linked fault 

array. Similar localisation phenomena have been observed recently in field examples (Meyer et 

al., 2002; Walsh et al., 2003; Gawthorpe et al., 2003) and described in numerical models (Cowie 

et al., 1993; Cowie, 1998), laboratory experiments (Meredith et al., 1990; Main et al., 1990), 

and analogue modelling studies (Ackerman et al., 2001; Mansfield and Cartwright, 2001).

Finally, an early interaction fault growth scenario is proposed for the study area (Fig. 5.21). 

During the first stage faults may have grown in a self-similar way and propagated laterally, 

increasing both their length and displacement. During that stage, throw and throw-rate values 

were uncorrelated with distance along the array. During the second stage, when faults achieved 

a certain size and were close to each other, the fault tip propagation rate may have decreased 

and faults started to interact, leading to strain localization. From that stage and onwards the 

whole fault array behaves as one large fault and centrally located faults exhibit higher throw- 

rates in order to re-adjust their throws and achieve higher D/L ratios as implied from fault 

scaling arguments (Cowie and Roberts, 2001). The first stage was short in duration and 

followed by a prolonged second stage, implying that the interaction onset occurred early (~2 

Ma) in the deformation history. In conclusion, fault lengths were established early and after the
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onset of interaction later extension was largely accommodated by amplification of 

displacements on these faults with minimal fault propagation. This feature is consistent with a 

recently developed growth model for faults (Walsh et al., 2002) and has also been observed 

recently in several field examples (Meyer et al., 2002, Gawthorpe et al., 2003, Childs et al., 

2003).

5.3.2 PREDICTED THROW-RATES

5.3.2.1 Methodology and application

As discussed in Sections 5.3.1.3.3 and 5.3.1.3.6, all faults in the study area appear to be 

interacting through their stress fields, forming a 175 km long soft linked fault array, which 

behaves as a single structure. The latter implies that the equation presented by Cowie and 

Roberts (2001) (described in detail in Section 2.6), can be used to predict throw-rates in the 

study area. The input data are the fault system length as well as the length of each of the faults 

comprising the whole system, and a single well-defined throw-rate measurement.

Fault scaling arguments imply that central faults must have an enhanced slip rate relative to 

distal faults. According to Cowie and Roberts (2001) the variation in slip-rates along a fault 

array can be modelled by calculating the enhancement factor E= 2Ri/Li, where Li is the length 

of the i-th segment and Ri is the distance between the segment midpoint and the nearest tip of 

the overall array. However, Roberts et al. (in press) modified the work of Cowie and Roberts 

(2001) so as to deal with closely spaced parallel and overlapping active faults. Parallel and 

overlapping active faults will share the strain across their region and consequently will slip less 

often than an equivalent single fault. Roberts et al. (in press) have chosen to multiply the 

enhancement factor for a fault by 0.5 if another fault is located less than 15 km across strike and 

overlaps by more than 50% of the two fault lengths. In southern Apennines only two faults (the 

Albumi and the San Gregorio) show this geometry (Fig. 5.1b). In the final step, relative values 

were normalised to a well constrained throw-rate value for the Val’ D’ Agri fault in order to 

extract real values. The Val’ D’ Agri fault is the fastest slipping fault in the study area. The 

latter implies that even if there is an error of 0.2 mm/yr on the 0.83 mm/yr slipping Val’ D’ Agri 

fault, the corresponding error on the throw-rates of the remaining faults will be considerably 

lower. The predicted values are presented in Table 5.3.
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Table 5.3

Fault Li 2R1 2Ri/Ll Norm Pr 50% <Overlap 

&

Spacing < 15km

M.F. Final

Pr

Measu

-red

values

Volturara 30 30 1.00 0.27 0.22 None 1.0 0.22 0.30

Irpinia 31 65 2.10 0.56 0.47 None 1.0 0.47 0.54

San

Gregorio

20 100 5.00 1.34 1.12 Albumi 

(13 km spacing)

0.5 0.56 0.59

Albumi 25 117 4.68 1.25 1.04 San Gregorio 

(13 km spacing)

0.5 0.52 0.39

Vallo di 

Diano

45 161 3.58 0.96 0.80 None 1.0 0.80 0.54

Val’ D ’ 

Agri

41 153 3.73 1.00 0.83 None 1.0 0.83 0.83

Maratea 38 88 2.32 0.62 0.52 None 1.0 0.52 0.43

Monte

Alpi

33 104 3.15 0.84 0.70 None 1.0 0.70 0.55

Mercure 32 66 2.06 0.55 0.46 None 1.0 0.46 0.37

Pollino 32 32 1.00 0.27 0.22 None 1.0 0.22 0.30

Li: the length of the fault, Ri: the distance from the fault midpoint and the nearest end of the 

fault array, Norm: Normalised value, Pr: Predicted value, M.F.: Modification factor (If a fault 

does not overlap more than 50% with a neighbouring fault and located more than 15 km away 

from the nearest fault the factor is 1.0, if 2 faults are within 15 km across strike and overlap by 

50% then the factor is 0.5). Measured values represent throw-rates extracted from scarp profiles 

and published trench site data.
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5.3.2.2 Comparison between measured and predicted throw-rate values

A quantitative analysis is performed in order to compare the measured and predicted values for 

the throw-rates. This comparison includes all faults except the antithetic Irpinia fault. This 

occurs because of the uncertainties involved about its length (between 8 and 15 km) and 

moreover because it displays a very low throw-rate (0.22 mm/yr) so that its contribution to the 

overall hazard can be considered as insignificant. Therefore, the Irpinia antithetic fault is not a 

major fault (short and low throw-rate fault), thus it has been excluded from the equation 

calculation. The analysis shows a very high positive correlation (R^=0.7) between measured and 

predicted values (Fig. 5.23a). Only two predicted throw-rate values are outside the error bars of 

the measured values (Fig. 5.23b). The predicted throw-rate value for the Mercure fault is only 

about 0.1 mm/yr higher than the measured value. However, the predicted throw-rate value for 

the Vallo di Diano fault is considerably higher (0.26 mm/yr) than the measured value. In 

Section 5.3.1.2.6, it was mentioned that the measured value for the Vallo di Diano fault has 

been extracted about 5 km away from the fault centre, because no other location closer to the 

fault centre was suitable for topographic profile construction suggesting that the maximum 

throw-rate value may be underestimated. If this is true, then the correlation between measured 

and predicted throw-rate values will be even higher, showing that deformation rates are 

influenced by the fault scaling relationship described in Chapter 2.

5.3.2.3 Seismic hazard implications

In the previous Section, an independent method of predicting throw-rate values was used, and 

the predicted values compare well with the measured throw-rate values. This suggests that the 

measured values are sensible values in that they are not inconsistent with the idea of fault 

growth in a manner that provides sensible D/L scaling relationships. This provides an extra 

degree of confidence when using either set of values to construct seismic hazard maps. In 

Chapter 9, two seismic hazard maps developed in a CIS environment are presented, based on 

the measured and predicted values extracted from this chapter, illustrating the direct 

implications of this method to seismic hazards. Moreover, a third map is presented, quantifying 

not only the differences between the two throw-rate databases in terms of seismic hazard, but 

also how these variations are distributed spatially.
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5.4 FAULT GROWTH IMPLICATIONS

5.4.1 FAULT GROWTH COMPARISON BETWEEN THE CENTRAL AND SOUTHERN 

APENNINES

Throw/length ratios for individual faults in the southern Apennines (0.025-0.058) are similar, 

even though slightly lower than the throw/length ratios calculated by Roberts and Michetti (in 

press) for the central Apennines (0.035-0.083). Extension in the central and southern Apennines 

started around 2.5-3 Ma. However, these two fault arrays appear to have followed a different 

evolutionary path.

In the southern Apennines measured finite throws are similar to predicted finite throws if 

present-day throw-rates are allowed to run for 2.5-3 Ma. This implies that throw-rates remained 

constant, for the majority of the slip history. Specifically, it indicates that fault interaction 

initiated very early, so that most of the fault finite throws were accumulated post interaction. 

Thus, the first pre-interaction stage contributes a relatively small amount (-20%) of the finite 

throw values (Fig. 5.24). Interaction onset is estimated that have occurred very early in the 

deformation history (-  2Ma).

In the central Apennines, according to Roberts and Michetti (in press) the time elapsed since the 

increase in growth rates is relatively short (-0.7 Ma), suggesting that fault throws have not yet 

had enough time to fully adjust to the new growth rates (Fig. 5.24). Thus, a large proportion of 

the fault finite throws were accumulated during the first stage, before the initiation of 

interaction, therefore a large discrepancy is evident between the predicted and the measured 

throws for the centrally located faults (Roberts et al., 2002).

Based on that, Roberts and Michetti, (in press) suggested that only distal faults, whose throw- 

rates remained fairly constant through time, can provide a reliable estimate on the fault initiation 

ages. Fault scaling arguments (Cowie and Roberts, 2001) and the healing reloading feedback 

mechanism (Cowie, 1998) imply that growth rates of distal faults, which form part of an array, 

are not influenced by interaction processes in a significant way. In contrast, in the southern 

Apennines central and distal faults, tend to provide similar initiation values.

This difference in the fault growth can also be displayed quantitatively by comparing how the 

throw/length ratios correlate with distance along strike of both arrays. It has been demonstrated 

based on finite throw/length relationships that both arrays are still underdisplaced (Roberts and 

Micheti in press, for the central Apennines and Section 5.3.1.3.3.6 for the southern Apennines)
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Figure 5.24 Fault growth comparison between the southern and central Apennines.
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therefore, they have to re-equilibrate and obtain an appropriate displacement length scaling 

(Cowie and Roberts, 2001). The implication is that centrally located faults will develop even 

larger finite throws and eventually will gain even higher values for their throw/length ratios. In 

southern Apennines, the throw/length ratios show little correlation with distance along strike the 

array (R^=0.34, see Fig. 5.17a). However, this value is significantly higher compared to Lazio- 

Abruzzo in central Apennines (R^=0.12, from Roberts and Michetti, in press) showing that in 

the southern Apennines faults had more time to readjust themselves to the new growth rates, 

implying that interaction started earlier.

Another way to display the different fault growth stories quantitatively is to compare how the 

maximum throw-rate/maximum throw values for each fault correlate with distance along strike 

both arrays (Fig. 5.25). In central Apennines there is a significant positive correlation (R^=0.54), 

showing progressively higher throw-rate/throw ratio values towards the centre of the array 

(values from Roberts and Michetti, in press). Thus, even though higher throw-rates exist to 

centrally located faults, finite throws have not developed proportionally, implying that the onset 

of interaction occurred fairly recently. On the contrary, in the southern Apennines there is a very 

poor correlation (R^=0.0015), suggesting that interaction started early so that finite throws had 

enough time to develop proportionally to throw-rates.

These observations are also supported by the spatial distribution of faults. In the southern 

Apennines the fault array is highly localized, indicating that interaction which progressively 

leads to localization, has been established early in the deformation story; whereas in the central 

Apennines faults are widely distributed across strike because interaction started much later. 

However, a question arises on whether this localization process is also controlled by the initial 

fault geometry or the pre-existing structures. This is difficult to distinguish. This occurs because 

a large number of small faults that could have been active during the pre-interaction stage and 

then progressively became inactive (such as the Mt. Ogna Fault, or the antithetic VaT D’Agri 

fault) cannot be easily identified (short faults with small finite throws) in the study area so as to 

prove one case or the other. However, similar localization phenomena have been observed in: i) 

several field examples (Meyer et al., 2002; Walsh et al., 2003; Gawthorpe et al., 2003) ii) 

different scales such as laboratory experiments (Meredith et al., 1990; Main et al., 1990), iii) 

numerical models (Cowie et al., 1993; Cowie, 1998), and iv) analogue modelling studies 

(Ackerman et al., 2001; Mansfield and Cartwright 2001). Following these observations, it seems 

that fault interaction is the main driving force that leads to localization, even though the whole 

process could also be favoured by the initial fault geometry. Based on that perspective, the 

initial fault geometry in the southern Apennines may lead to an early interaction onset, whereas
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in the central Apennines the low across strike fault spacing have interrupted positive feedback 

and thus delayed the localization process.

5.4.2 IMPORTANCE FOR SEISMIC HAZARD ASSESSMENT

Following the discussion in the previous Section, it is thus obvious that the spatial distribution 

of seismic hazard changes during the transition from the first (pre-interaction) stage to the 

second (post-interaction) stage. It is crucial to define in what stage of fault growth an 

investigated area is classified, before applying the equation that predicts throw-rates. If the 

investigated area has not entered the fault interaction stage then the equation should not be 

applied. Analyses of deformation rate data in the central and southern Apennines indicate that 

faults are interacting and form a soft-linked normal fault array about 158 km and 175 km in 

length respectively. It has been demonstrated based on finite throw/length relationships that 

both arrays are still underdisplaced (Fig. 5.26, 0.014 for the array and 0.035-0.083 for individual 

faults in the central Italy see Roberts and Michetti (in press) and 0.017 for the array and 0.025- 

0.058 for individual faults for the southern Apennines see Section 5.3.1.3.3.6). Thus, centrally 

located faults will continue to grow and exhibit higher throw-rates compared to distal faults, in 

order to achieve the proper finite throw/length ratios. As a result, centrally located faults will 

continue to pose a higher seismic threat than distal faults. Overall, throw-rates on individual 

faults and thus seismic hazards are not solely controlled by the regional tectonic extension rate, 

but fault interaction and consequently fault geometry is also critical.

Finally, Walsh et al., (2003) suggest that a progressive strain localisation on to fewer and larger 

faults, will progressively change the scaling properties of the active fault population, which will 

then become scale bound, from power-law to non power-law. In particular, earthquake 

populations will evolve from a Gutenberg-Richter distribution towards a characteristic 

earthquake behaviour, as the fault system becomes more mature. If this is the case in the 

southern Apennines, then this will have important implications for seismic hazard assessment 

and one might expect a more characteristic earthquake behaviour, as has been partially 

demonstrated from paleoseismicity (Pantosti et al., 1993; Michetti et al., 1997), where surface 

ruptures appear to recur with similar displacements at specific localities.
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values extracted for individual faults.
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5.5 CONCLUSIONS

Ten major active normal faults have been documented in the tectonic setting of the southern 

Apennines, that form a 175 km in length, soft linked fault array. All faults described in this 

chapter are capable of hosting large magnitude surface rupturing earthquakes, due to their length 

which are in the range of 20-45 km. Deformation rate data collected in this study are averaged 

over 18 kyrs, and represent the long-term seismic behaviour of faults in this region more 

completely than the historical/instrumental earthquake record (Section 5.3.1).

Centrally located faults exhibit significantly higher throw-rates compared to distal faults. 

Additionally, it has also been demonstrated that throw-rates vary along the strike of individual 

faults. In conclusion, throw-rates and thus, seismic hazards vary along the strike of the southern 

Apennines over 2 length scales. Firstly over a 20-45 km length scale along individual faults and 

secondly over the length of the entire 175 km long soft-linked fault array (Section 5.3.1.3). 

These observations have very important implications for seismic hazard assessment and 

demonstrate that the hazard distribution varies significantly not only over a few kilometres 

along strike individual faults, but also over tens of kilometres along strike the whole fault array 

due to fault interaction processes. This is in contrast to existing seismic hazard maps where the 

hazard distribution within large areas defined as seismic zones is assumed to be uniform (e.g. 

Slejko et al., 1998).

Finite throws and throw-rates on individual faults summed across strike of the region of the 

southern Apennines exhibit maximum values (3100 ± 700 m of finite throw and 1.1 ± 0.25 

mm/yr of throw rate) towards the centre of the array, diminishing to zero both NW and SE 

along strike of the fault array (Section 5.3.1.3.1).

Assuming a 45° fault dip, maximum extension rates deduced from offset end glacial features 

across the southern Apennines, are in the order of 1.1 ± 0.25 mm/yr (Section 5.3.1.3.2). The 

maximum extension rate in the southern Apennines is less than 30% of the extension rate 

calculated for the central Apennines and it is inconsistent with the idea that extension rates are 

controlled by rotation of rigid plates about an Euler pole in the northernmost Apennines (e.g. 

Westaway et al., 1989).

There is strong evidence of fault interaction processes (Section 5.3.1.3.3). Centrally located 

faults exhibit higher throw-rates compared to distal faults (e.g. Section 5.3.1.3.3.3). The whole 

soft linked fault array behaves as a large 175 km long fault in a similar manner to that envisaged 

for interacting faults (Cowie, 1998). Additionally, faults with greatest finite throws are also
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positioned in the centre of the array (e.g. Section 5.3.1.3.3.2) indicating that interaction started 

early during fault evolution (Section 5.3.1.3.3.6).

Based on the ratio of present day throw-rates to finite throw values and assuming that faults 

initiated synchronously, a fault initiation age of 2.5-3 Myrs, is proposed (Section 5.3.1.3.4). 

Based on comparison of throw-rates on central and distal faults of known finite throws, 

interaction began around 2 Ma (Section 5.3.1.3.5.3).

Two independent methods of obtaining throw-rate data have been used (measured values 

extracted from paleoseismological data and predicted values extracted from the equation 

E=2Ri/Li presented by Cowie and Roberts, 2001); the results compare well (Section 5.3.2.2). 

This provides confidence in the measured deformation rate pattern and implies that deformation 

rates are influenced by the fault scaling relationship, which forms the basis of the equation that 

predicts throw-rates.

An initial short in duration stage of self similar fault growth, followed by a prolonged second 

stage of fault interaction, with the development of considerably higher finite throws and throw- 

rates on centrally located faults is suggested (Section 5.3.1.3.5.3). In the southern Apennines 

fault interaction started very early, in the first 20-30% of the deformation history, whereas in the 

central Apennines interaction initiated fairly recently 70-80% of the deformation history 

(Section 5.4.1).
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CHAPTER 6 - DESCRIPTION OF THE NEW TECHNIQUE DEVELOPED FOR  

THE CONSTRUCTION OF SEISMIC HAZARD M APS FOR CENTRAL  

APENNINES

6.1 INTRODUCTION

In this chapter a new technique for constructing seismic hazard maps from geological fault slip- 

rate data is presented. The technique was partially applied manually and then imported into 

Excel to assess seismic hazard implied by the throw-rate database presented in Chapter 4 for 

Lazio-Abruzzo. The hazard maps are presented in the following Chapter 7. In Chapter 8, after 

modifying some of the steps described in this Chapter (described below in Section 6.2), the 

technique was further evolved and developed in a CIS environment.

This technique combines fault throw-rates in Lazio-Abruzzo with: (1) empirical data linking 

earthquake magnitudes, coseismic slip magnitudes and earthquake rupture lengths, (2) the 

shapes and sizes of IX isoseismals and (3) attenuation/amplification functions for seismic 

shaking on bedrock compared to basin-filling sediments. In the following Section 6.2, the 

theoretical description of this method is offered in eight individual steps, whereas Section 6.3 

describes in more detail the way this method was applied in Excel. Finally, more detail 

concerning the assumptions, parameters and functions used for the construction of hazard maps 

in Lazio-Abruzzo are given in Section 6.4. Finally, a brief summary of the chapter is offered in 

Section 6.5.

6.2 THEORETICAL DESCRIPTION OF THE METHOD

The method is described in eight individual steps.

1) Step 1 Identification of all seismic sources

Faults are the cumulative result of many earthquakes and those faults that break Quaternary 

deposits and produce a characteristic and recognisable set of landforms are commonly accepted 

as sources of seismic hazard (e.g. McCalpin, 1996; Yeats and Prentice, 1996). Thus, all active 

faults have to be constrained in order to identify all possible seismic sources.
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2) Step 2 Determination of fault lengths

The lengths of active faults are determined from: i) cross-sections made from published 

geological maps; ii) fault slip directions, since they vary with throw, converging towards the 

hanging walls (Roberts, 1996; Roberts and Ganas, 2000); iii) topographic variations; iv) 

deformation rates extracted either from trench-sites or from geomorphic observations of offset 

features of known age. In Lazio-Abruzzo, the fault lengths presented by Roberts and Michetti 

(in press) were used as input data (See their Table 1 for a complete description or a summary in 

Table 4.2 of the thesis).

3) Step 3 Collection of geological fault throw-rate data

Two independent methods of obtaining throw-rate data have been used. Throw-rates are either 

measured values derived from geological data or the predicted values, which are calculated from 

the equation presented by Cowie and Roberts (2001) (see Section 2.6 for a review). Measured 

geological fault throw-rate data in Lazio-Abruzzo were extracted from displaced post-glacial 

sediments (Data presented on Table 1 from Roberts and Michetti in press or Table 4.2) and 

other published deformation rate data such as trenching studies (Data presented on Table 4.1). 

Predicted throw-rate values were calculated in Section 4.3.2 (Data presented on Table 4.5). The 

updated throw-rate data presented in Table 4.3 were used as input data for Sakellariou (2001) 

who imported them into a CIS package. The updated data presented in Chapter 4 (Table 4.3) 

were not used in this thesis as the methodology (described in this chapter) and the hazard maps 

(presented in Chapter 7) were developed, before the updated data were collected.

4) Step 4 Conversion of throw-rates into earthquake frequencies.

When fault lengths, throws and throw-rates are known, throw-length profiles can be constructed 

for given time periods such as 18 kyrs. Assuming a triangular throw profile for the faults 

(Cowie and Shipton, 1998) and earthquake surface ruptures, and that the maximum throw is 

observed at the centre of the fault, the number of surface faulting earthquakes of fixed size 

(Ms=6.5), that each fault has experienced in a certain time period can be calculated (Fig. 6.1a). 

Throws in these profiles represent the slip that each fault has accumulated during the last 18 

kyrs (Fig. 6.1b), and most of them have been extracted from geomorphic observations of offset 

postglacial features. Thus, the method is to fill up the area beneath distance versus throw 

profiles with earthquake ruptures showing the suitable dimensions for Ms 6.5 earthquakes (Fig. 

6.1c). World-wide databases show that a Ms 6.5 normal faulting earthquake, produces about 1 

metre of slip with rupture lengths of about 15 km (Wells and Coppersmith, 1994). Therefore, a
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Figure 6.1 Schematic representation o f  the individual steps followed for the construction of 

hazard maps, a) Assuming that there is a triangular throw profile for the faults and ruptures, 

and that the maximum throw is observed at the centre o f  the fault, the number o f  surface 

faulting earthquakes o f  fixed size (M s=6.5) each fault has experienced in a certain time period 

can be calculated, b) Throws in these profiles represent the slip that each fault has 

accumulated during the last 18 kyrs. c) The fault triangle area is filled up with earthquakes, d) 

The epicentres are plotted several kilometres away from the fault in the hangingwall and 

circles with given diameter (representing “isoseism als”) are also added.
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15 km long fault slipping at 1 mm/yr could produce 18 m of slip in 18 kyrs by experiencing 18 

Ms 6.5 earthquakes. As a result, by comparing the areas of triangles for faults and ruptures, the 

number of earthquakes each fault has experienced during the last 18 kyrs can be easily 

calculated.

5) Step 5 Outlining the earthquake distribution along strike the fault

After calculating how many Ms 6.5 earthquakes each fault has experienced during the last 18 

kyrs, modelled earthquakes have to be distributed according to the fault throw variation along 

strike of the fault trace. This has been done through trigonometry and the method is described 

below. The goal is to extract the earthquake density along strike the fault trace.

In detail, the method first divides the fault into an odd number of patches according to its length. 

An odd number of patches is needed to produce maximum slip at the fault centre. A fault of 

length (L) 15<L<30 km is divided into three patches and a fault 30<L<45 km into five patches. 

Each patch has a maximum length of 15 km, the same as that for a rupture. In the first case 

(three patches) the centres of the two distal patches are located 7.5 km from both ends of the 

faults, and the third in the centre of the fault. In the second case (five patches) the three patches 

are set as previously and the centres of the other two are located about 15 km from both ends of 

the fault. Before starting counting the area, the boundaries (points B, C, D, E of the diagram 

Figure 6.2a) between the patches have to be defined. These boundaries are not placed at exactly 

50% distance between the patches because patches closer to the centre of the fault accommodate 

more slip. As a result, the boundaries were located iteratively to produce the smallest error. In 

general, following a number of calculations, it has been estimated that a distance of 55% of the 

distance between the centres of the two neighbouring patches (point C to 15 km, point D to 

centre of the fault) measured away from the more central one gives the best result. This uneven 

spacing is necessary because the patches towards the fault centre experience more events and 

contribute more to the throw than the distal ones; as a consequence they occupy more space. 

Subsequently, the area of the triangles and rectangles was calculated using trigonometry (see 

Figure 6.2a) and then was divided by the equivalent area of an Ms 6.5 earthquake rupture. As a 

result, the number of events each patch contains is known and thus the earthquake density in 

each patch can be determined (see the dots along the fault in Figure 6.2b).

This method assumes that each patch has a homogeneous earthquake density, but in reality each 

patch includes more events towards the fault centre and less towards the fault tips. However, 

this makes little difference to the final conclusions and more importantly makes the manual 

counting of the isoseismals easier and faster to perform (see below step 7). Nevertheless, in
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Figure 6.2 a) Based on trigonometry, the earthquake density can be extracted along the strike 

of the fault. In this example, the fault is divided into five patches and each patch has a 

uniform earthquake density, b) The modelled epicentres (dots on the fault trace) are plotted 10 

km away from the fault in the hangingwall, assuming 45° dipping faults and hypocentres at 10 

km. Then 25 km diameter circles (representing IX “isoseismals”) are added.
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Chapter 8 where this counting procedure is performed by a GIS, this method has been modified 

and a mathematical formula that creates a more realistic earthquake distribution has been 

developed (see Section 8.5).

6) Step 6 Plot and produce isoseismals

The hypothetical epicentres are plotted 10 km away from the fault in the hanging wall, 

assuming 45° dipping faults and hypocentres at 10 km (Fig. 6.Id and Fig. 6.2b). These are 

realistic values because large seismogenic normal faults have dips in the range 30°-60° (Jackson 

and White, 1989) and large earthquake ruptures tend to nucleate close to the base of the 

seismogenic layer around 10-15 km (e.g. Chen and Molnar, 1983; Sibson, 1984). In addition, 

relationships between earthquake magnitude and intensities distribution are generally known 

(e.g. n Ms 6.5 earthquake produces at least intensity IX on soft sediments, see also Section 3.4). 

A value of 12.5 km radius of isoseismal IX for n Ms 6.5 (or a 25 km isoseismal diameter) has 

been used, which is in good agreement with historical evidence, including several large 

magnitude normal faulting earthquakes in central Italy (Grandori et al., 1991; a more extensive 

discussion concerning the radius values of isoseismal IX, is offered in Section 6.4.2). It is 

assumed that the Earth is homogeneous and isotropic so body waves would have spherical wave 

fronts and earthquakes have point sources. Then, these 25 km diameter circles centred on the 

epicentres are added in map view, representing areas that receive enough energy to shake at 

intensities IX or higher (see Figure 6.2b). Throughout this thesis these circles will be referred to 

as isoseismals, even though isoseismals strictly speaking represent the macroseismic 

information obtained by the quantification of the effects and damage produced following an 

earthquake. It is evident from Figure 6.2 that the hazard distribution varies along the strike of 

the fault and over long time periods the hangingwall centre of a fault receives most of the 

seismic energy, in contrast to fault tips where the hazard is considerably lower.

7) Step 7 Count and contour the number of times each locality has been shaken

During this stage, the number of times each location around the fault experiences shaking at 

intensity IX or above is counted. After i) mapping the positions of all the epicentres to 

earthquakes needed to produce the measured pattern of fault throw; ii) calculating manually the 

number of overlaps between isoseismals produced from every fault at specific points on the map 

(e.g. Fig. 6.2b); iii) importing these data into an Excel spreadsheet (see also Section 6.3) and 

summing up all fault individual isoseismal patterns; and iv) contouring the aggregate number 

through Excel, this information is turned into a seismic hazard map. This map shows how many 

times each locality receives enough energy to shake at intensities >IX assuming homogeneous
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bedrock geology. This step was accomplished manually in Lazio-Abruzzo, but in Chapter 8 it 

has been modified and performed through a GIS.

8) Step 8 Amplify/Attenuate with the bedrock geology

The modelled isoseismals are attenuated/amplified according to the bedrock geology providing 

the expected intensities for each geological formation. Overall, the hazard maps incorporate 

information on bedrock geology and its contribution to spatial variations in groundshaking 

intensity. In Lazio-Abruzzo, a simple attenuation/amplification function has been used that 

decreases the intensity by a single value, if two localities are equidistant from an epicentre, but 

one lies on Mesozoic or Neogene limestone and the other lies on basin-filling sediments. Thus, 

localities that are founded on Mesozoic limestone will not shake at intensity IX. In Chapter 8, 

the application of GIS facilitated the classification of three different geological formations and 

an amplification function of three different shaking intensity levels has been used; one for the 

bedrock (Mesozoic-Neogene limestones), one for the Tertiary deposits (flysch and foredeep 

deposits) and one for the Quaternary sediments (see Section 8.4).

6.3 APPLICATION OF THE METHOD MANUALLY AND IMPORTATION INTO 

EXCEL

The geology of Lazio-Abruzzo has been rasterized from a 1:500000 geological map (Consiglio 

Nazionale delle Richerche, 1990) to produce a pixellated geology map within an Excel 

spreadsheet (Fig. 6.3). All maps displayed are based on the UTM (Universal Transverse 

Mercator) coordinate system. UTM allows precise measurement using the metric system of 

measurement. Two types of bedrock geology have been differentiated: (a) Mesozoic/Neogene 

limestone bedrock and (b) Neogene-Recent Flysch and extensional basin-filling deposits. This 

map shows a blocky cellular structure, because a limited number of pixels have been used. 

Overall, 2205 pixels of equally spaced cells were used to model reality. Each pixel occupies an 

area of 2.5 by 2.5 km, representing either bedrock or Quaternary/Flysch deposits. In most cases, 

geological boundaries and modelled isoseismals lie across each of these pixels. However, for 

each pixel a single numeric value has to be assigned. For these pixels, a simplification process 

was followed, in order to display a homogeneous attribute for each pixel. Those values 

that occupied more than 50% of the pixel area were chosen as the appropriate values for 

representing the pixel. As a result, the shapes of the contacts between bedrock and the
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Figure 6.3 Simplified geological map for Lazio-Abruzzo. It comprises 2205 pixels. Each pixel 
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Figure 6.4 View of the old stone-made houses in Trasacco village that are founded on 

Mesozoic limestone bedrock and survived the 1915 Fucino earthquake.
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Quaternary/Flysch are distorted, producing an artificial-looking pixellated geology map (see 

Fig. 6.3). Therefore, the estimated spatial error is one pixel (2.5 km).

The amount of detail in a map depends on the size of the cells. The higher the spatial resolution, 

the more cells are required to represent a given area on the map. However, this is a monotonous 

and time-consuming technique, since there are separate calculations for every pixel, implying 

that it is not feasible to use more than 2000-3000 pixels. Despite the above, the spatial 

resolution of this map is significantly higher than any other known seismic hazard map in Italy 

(e.g. Slejko et al., 1998; GNDT-SSN, 2001 see Fig. 3.2). Moreover, the maps produced in Excel 

have been redrawn using a graphics package. This will have introduced a small spatial error. 

Finally, this technique does not allow the classification of more than two geological formations, 

restricting the influence of bedrock geology into the hazard distribution and the application of 

different scenarios. However, most problems addressed in this paragraph, have been 

considerably improved or resolved with the application of GIS in Chapters 8 and 9.

The final result is a map, which shows how many times a locality receives enough energy to 

shake at intensities >1X for the last 18 kyrs. All such hazard maps are presented in the following 

Chapter 7.

6.4 EXPLANATION OF THE PARAMETERS, ASSUMPTIONS AND THE 

EMPIRICAL RELATIONSHIPS USED

Several assumptions have been made and a number of empirical relationships have been used 

for the construction of hazard maps in Lazio-Abruzzo. These are presented, examined, and 

evaluated in this section. It has to be mentioned that in the Apennines there is a relatively good 

history of macroseismic intensity recordings, which allowed the compilation of regional 

attenuation relationships (Cobum et al., 1988; Grandori et al., 1991). These regional attenuation 

relationships were preferred in this study compared to the worldwide attenuation relationships 

because they are regarded as more representative of the local geotectonic and source to site 

wave propagation conditions (e.g. Algermissen et al., 1982).

It is assumed following recent fault specific approaches (e.g. USGS, 1999) that all surface slip 

is the result of floating earthquakes with a mean magnitude of Ms=6.5, which are known to 

produce about 1 m of throw and 15 km of surface ruptures. In the model used, each Ms=6.5 

earthquake produces a 12.5 km radius of isoseismal IX, assuming a circular pattern of energy 

release. Finally, a simple attenuation/amplification has been used, that decreases the intensity by
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a single value if two localities are equidistant from an epicentre, but one lies on Mesozoic- 

Neogene limestone and the other lies on extensional basin-filling Neogene-Quatemary deposits. 

These assumptions and empirical relationships are described in detailed in the following 

Sections 6.4.1 and 6.4.2.

6.4.1 RELATIONSHIPS BETWEEN COSEISMIC SLIP, RUPTURE LENGTH AND 

EARTHQUAKE MAGNITUDES

As shown in step 4, relationships between coseismic slip values, rupture lengths and earthquake 

magnitudes are used (e.g. a Ms 6.5 normal faulting earthquake produces about 1 meter of throw 

with rupture lengths of about 15 km), as derived from worldwide databases (e.g. Wells and 

Coppersmith, 1994). These worldwide databases compiled by Wells and Coppersmith (1994) 

use the Moment magnitude (M) to measure the size of an earthquake. This occurs because the 

Moment magnitude (M) is considered as a more accurate measure of the size of an earthquake 

than are traditional magnitude scales such as Ms (surface wave magnitude) and mb (body wave 

magnitude), because it is a direct measure of the amount of radiated energy, rather than a 

measure of the response of a seismograph (Hanks and Wyss, 1972; Hanks and Kanamori, 1979). 

However, Wells and Coppersmith (1994) study as well as previous studies of the relationship 

between Ms and M (e.g. Kanamori, 1983) indicate that these magnitudes are approximately 

equal within the range of Ms 5.0 to 7.5. All magnitudes described in this thesis lie within the 

range of Ms=5.5 to 7.0, therefore, whenever M or Ms are mentioned, they are essentially the 

same.

Wells and Coppersmith (1994) database consists of 15 surface rupturing normal faulting events. 

However, there is considerable scatter in the data. For example, the relationship between surface 

rupture length and magnitude, which according to Wells and Coppersmith (1994) is one of the 

most reliable empirical regressions, shows that 15 km of surface ruptures correspond to a 

M=6.41 earthquake, but with extreme upper and lower magnitude values of 7.06 and 5.78 

respectively. Moreover, a maximum surface displacement of 1 meter corresponds to an M 6.61 

event (with upper and lower magnitude values of 6.7 and 6.52 respectively). Thus, there are 

significant variations between surface faulting parameters and earthquake magnitude. Therefore, 

it is suggested that the modelled Ms 6.5 event should be regarded as a mean value, representing 

a higher range of magnitudes (Ms=6.1-6.9). A fixed Ms 6.5 was chosen, in order to keep the 

modelling procedure simple. It is argued that a Ms 6.5, is the mean expected magnitude value 

that will dominate surface slip accumulation in Lazio-Abruzzo, considering all variations and 

uncertainties involved between earthquake magnitude, surface rupture dimensions and fault
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displacement distribution. USGS (1999) defined these earthquake ruptures of specified size, 

which can occur anywhere along the fault as floating earthquakes.

The input data for this method are fault-specific throw-rates rather than seismicity and it has 

been strongly suggested that whenever fault specific seismic sources are involved in the seismic 

hazard analysis, it may be most appropriate to model the recurrence behaviour based on the 

characteristic earthquake model (Youngs and Coppersmith, 1985; USGS 1990; Wesnousky, 

1994), which is much more representative of the seismicity of an individual fault (Yeats et al., 

1997).

Alternatively, slip could accumulate through occurrence of a Gutenberg-Richter earthquake 

magnitude-frequency relationship (Main, 1996; Gutenberg and Richter, 1944; 1954), where a 

power-law describes the relative numbers of small and large events. However, it is argued that 

measured throw-rate data displayed in Chapters 4 and 5, which were measured at the surface, 

will certainly be dominated by the large magnitude events. Earthquakes with magnitude < c. Ms

5.5 are unlikely to break the surface (Michetti et al., 2000). Additionally, earthquakes of 

magnitude < Ms 6 are usually poorly expressed as discontinuous traces or fractures showing 

inconsistent or no net displacement and are characterised by much shorter surface ruptures than 

the source length defined by aftershocks (Bonilla et al., 1984; Darragh and Bolt, 1987; Bonilla, 

1988; Slemmons et al., 1989). However, this modelling procedure will indeed fail to imprint the 

influence of very large Ms -7.0 events, but in Lazio-Abruzzo only four faults (Liri, Fucino, L’ 

Aquila and Scurcola) are long enough ( > 35 km) to produce earthquakes of Ms 7.0. 

Additionally, several examples of surface faulting events have shown that earthquakes in most 

cases rupture only a portion of the entire fault length (e.g. Sieh, 1996, see also below). 

Therefore, even though this technique will fail with Ms-7 events, their numbers will be limited 

and they will have little effect on the first order spatial pattern of hazard. A more detailed 

discussion about the assumptions, the errors and the model used to describe the partitioning of 

the throw-rate into earthquake magnitude is offered in Section 11.5.

Also, Ms 6.5 events are probably a worst-case scenario for Lazio-Abruzzo in terms of seismic 

hazards. Smaller earthquakes will produce less violent shaking and intensity values will 

probably not achieve intensity IX; larger earthquakes will probably occur less frequently so 

shaking at intensities >IX will have a long recurrence time compared to that produced by Ms 6.5 

events (Roberts et al., in press). Overall, Ms 6.5 events will produce damage at intensities >IX 

most frequently, which can be considered as the worst-case scenario for Lazio-Abruzzo. The 

important point here is that because throw-rates vary spatially, so will the number of large
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magnitude earthquakes needed to produce the slip in a given time of period (e.g. 18 ka) (Roberts 

et al., in press).

Finally, modelled surface rupture lengths (15 km) are shorter than the lengths of the faults (20- 

40 km). This is common, with all the recent large magnitude normal faulting earthquakes (>Ms 

6.0) that are well studied in central Greece and Italy rupturing in sub-events, breaking only 

small parts (c. 15 km or less) of longer faults (c. 20-40 km) (1981 Gulf of Corinth, Roberts 

1996; 1980 Irpinia, Westaway and Jackson, 1987; 1894 Atalanti, Ganas et al., 1998; 1861 and 

1995 Egion-Eliki, Roberts and Koukouvelas, 1996 and Roberts and Ganas, 2000). Additionally, 

the 1915 Fucino earthquake ruptured only half (c.l5 km) of the Fucino fault (c. 36 km) (Roberts 

and Michetti, in press). Thus, rupture of short patches of the faults in Ms 6.5 earthquakes is not 

an unrealistic scenario and, as argued above, the choice of this magnitude maximises the long

term hazard.

6.4.2 RELATIONSHIPS BETWEEN EARTHQUAKE MAGNITUDE AND INTENSITIES 

DISTRIBUTION

Large earthquake ruptures (M^>5.5) and hence earthquake hypocentres, nucleate on the fault 

close to the base of the seismogenic layer (Sibson, 1984). The majority of large seismogenic 

normal faults dip in the range 30°-60° (Jackson, 1987; Jackson and White, 1989), so the 

epicentres are located in the hanging wall, some kilometres away from the surface fault trace. In 

this model, the epicentres were placed 10 km away from the fault trace in the hangingwall, 

assuming 45° dipping faults and hypocentres at 10 km.

Isoseismal lines represent the macroseismic information obtained by the quantification of the 

effects and damage produced by an earthquake. In order to define the seismic hazard at a given 

site it is necessary to know the expected attenuation of intensity with epicentral distance. 

Moderate earthquakes have limited sources; the rupture length is short and usually their 

isoseismals are circular. Indeed, most available intensity attenuation relations consider circular 

isoseismals, which are applicable for earthquakes up to M=6.5 (Hu et al., 1996). However, very 

large earthquakes have in general extended sources with one horizontal dimension much longer 

than the other and the isoseismals are usually elongated or elliptical (Hu et al., 1996). Thus, it is 

not easy to decide whether circular or elliptical isoseismals are better representations of the 

modelled isoseismal pattern for M=6.5 events. The circular pattern of energy release is not 

consistent with the fact that ruptures have a finite length, but the fault rupture length (15 km) 

used in this study is smaller than the diameter of the modelled isoseismal (25 km) indicating
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that the error should be small. Another problem lies in the fact that it is difficult to separate near 

surface effects from source effects. For example, the elliptical shapes are usually the result of 

attenuation of seismic energy by Mesozoic/Neogene bedrock and amplification in Tertiary 

foredeep flysch or Quaternary extensional basin-filling sediments (Roberts et al., in press). The 

ellipses result from the fact that the Quaternary basins are generally elongated in the direction of 

fault strike (more details in the following Section 6.4.3). Therefore, in this technique it is 

assumed that the amount of energy that produce shaking varies linearly with distance from the 

epicentre, and thus circular patterns of energy release centred at the epicentre are used. These 

isoseismals are then attenuated/amplified by the bedrock geology, altering their shapes.

As the waves travel away from the source their amplitude becomes smaller. For simplicity 

reasons it is assumed that the earth is homogeneous and isotropic so body waves would have 

spherical wave fronts. However, a non-circular non-elliptical energy release pattern could also 

be produced before the energy reaches the surface and is attenuated/amplified by the surface 

geology, not only due to the dynamics of source breakage, but also due to the details of 

transmitting media or propagation path. Firstly, different rock types in the sub-surface will 

attenuate different amounts of energy and secondly, seismic energy will travel through different 

rock types (depending on the travel paths) if the bedrock is heterogeneous (Chiarabba and 

Amato, 1994; 1997). For example, internal friction, background high temperatures and in 

homogeneities along the travel path can lead to high absorption resulting to lower shaking levels 

(Reiter, 1990). The effect of travel path and other factors such as the directivity or the 

topography that can potentially influence the intensity distribution, are not yet sufficiently 

understood and quantified (see Section 3.4). Overall, these factors are usually overshadowed by 

the effect of surface geology.

Relationships between earthquake magnitude and intensity values based on the statistical 

elaboration of historical and instrumental data have been used. However, there is a large 

variation in the data. Generally, a M=6.5 earthquake is expected to produce an epicentral 

intensity IX or X (e.g. D’Amico et al., 1999 for the Mediterranean region, see Table 3.3, 

Grandori et al., 1991). However, whether the epicentral intensity is IX or X, is crucial for the 

dimensions of the modelled isoseismals of this study. Historical data of macroseismic intensity 

versus epicentral distance published by Grandori et al. (1991), covering the whole Apennines, 

show that earthquakes with epicentral intensity IX have a mean radius of 6 km for the IX 

isoseismal, whereas earthquakes with epicentral intensity X have a mean radius of 10 km for the 

isoseismal X and a mean radius of 20-21 km for the isoseismal IX. Similar values have also 

been reported for other regions such as the Sino-Korean craton (Lee and Kim, 2002), indicating 

that there is consistency concerning intensity-attenuation relationships worldwide (a mean
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radius of 7 km and 22 km for the IX isoseismal for epicentral intensities IX and X, 

respectively). As a result, in Lazio-Abruzzo an average value of 12.5 km radius for the modelled 

isoseimal IX (or a 25 km isoseismal diameter) has been used, which is in good agreement with 

historical evidence.

6.4.3 ATTENUATION-AMPLIFICATION FUNCTION USED

The modelled circular isoseismals are attenuated/amplified by the bedrock geology, altering 

their shapes. Isoseismals in Italy tend to be elliptical in shape and are elongated parallel to the 

fault strike in a NW-SE direction (Tertulliani et al., 1992; Maugeri et al., 1993). The dimensions 

of intensity IX ellipses have been about 15 by 25 km across for Ms c. 6.5-6.9 events (e.g. 

Maugeri et al., 1993; Galadini et al., 1995; Postpichl, 1985) (Fig. 6.5). The long axes of the 

ellipses are generally parallel to, and slightly longer than the surface rupture length. The 

elliptical shapes are the result of attenuation of seismic energy by Mesozoic/Neogene bedrock 

and amplification in Tertiary foredeep flysch or Quaternary extensional basin-filling sediments 

(Roberts et al., in press). The ellipses result from the fact that the Quaternary basins are 

generally elongated in the direction of fault strike and that the rupture has a finite length.

A simple attenuation/amplification function which produces two different shaking intensity 

levels, one for the bedrock and another one for the Quatemary/Flysch deposits, has been used. 

The isoseismal map for the 1915 earthquake shows a single intensity level decrease between 

localities on Mesozoic bedrock (A on Fig. 6.5a) as opposed to Quatemary-Holocene basin- 

filling sediment (B on Fig. 6.5a) at similar epicentral distances (e.g. around the town of 

Trassaco where a limestone ridge protrudes into the hangingwall basin to the Fucino Fault). 

This isoseismal map is the only such map (showing severe shaking at intensities >IX) available 

for Lazio-Abruzzo, therefore, we should use it. In support of the simple attenuation 

/amplification function map, a number of houses pre-dating the 1915 event are still standing in 

Trassaco, a village that was almost destroyed in 1915 and now mostly consists of modem 

houses (Roberts et al., in press). The town is at about 680 m elevation, that is, right on the 

contact between the recent sediments filling the former Fucino lake-bed and the Mesozoic 

limestone bedrock. The pre-1915 stone-made houses are founded on Mesozoic limestone 

bedrock (Fig. 6.4). The surrounding houses appear not to be directly on limestone and their 

construction post-dates the earthquake. These qualitative observations, suggest that shaking on 

bedrock was less severe than on basin-filling sediments to an extent that pre-1915 houses 

survived the 1915 earthquake when sited on Mesozoic limestone. Also in this study localities 

on Tertiary foredeep basin-filling sediments were grouped together with the Quaternary
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extensional basin-filling sediments, assuming that they will shake in a similar manner. Evidence 

for this comes from reported shaking intensities as high as X or XI on flysch/foredeep sediments 

during historical earthquakes in Lazio-Abruzzo (Boschi et al., 1995).

Even though the major difference between soil and rock is well known, there is still much 

uncertainty about the actual values that should be used for different site geologic conditions 

(Reiter, 1990). The soils are less dense and rigid compared to basement rocks so that their 

physical restraints on ground accelerations are limited and ground motions in soil are enhanced 

in both amplitude and duration, compared to those recorded in rock, resulting in higher damages 

(Bolt, 1999). Unfortunately, no simple correlation between damage patterns and surface 

geology has been established, but seismic intensity increments can be obtained for different 

ground conditions by comparing the specific intensity changes for these different types of 

ground (Bell, 1999). Several workers (Medvedev, 1965; Evemden and Tomson, 1985; Degg, 

1992; see Section 3.4 and Table 3.4) agree that the Quaternary sediments shake at about one 

intensity degree more than pre-Quatemary sediments (such as Flysch deposits or foredeep 

sediments) and that the pre-Quatemary sediments shake at about one intensity degree more than 

Mesozoic-Neogene limestones and metamorphic rocks. In more recent approaches, scientists 

have divided the bedrock geology into three units: hard rock, soft rock and alluvium and 

correlate all Quaternary units as alluvium. Tertiary units as soft rocks and Mesozoic as hard 

rocks (Petersen et al., 1997; Park and Elrick, 1998). Therefore, it is possible that Quaternary 

lake sediments and particularly Upper Pleistocene-Holocene sediments and alluvial fans, could 

produce an even higher intensity in Lazio-Abmzzo. The latter may explain why intensity values 

up to XI were recorded, during the 1915 Fucino earthquake. In southern Apennines, bedrock 

geology has been classified according to the three aforementioned categories and Quaternary 

sediments have been differentiated from Tertiary foredeep deposits.

6.5 SUMMARY

A new method for constmcting seismic hazard maps from geological fault throw-rate data has 

been presented. This method has been described in eight individual steps (Section 6.2). It is also 

shown how this method can be applied manually and then imported into Excel in order to map 

the hazard, providing an example from Lazio-Abruzzo, central Italy (Section 6.3). All 

assumptions, parameters and empirical relationships used for the construction of seismic hazard 

maps in Lazio-Abruzzo have been explained (Section 6.4) and it has been argued that all 

assumptions and simplifications made in this Chapter, will have little impact on the first order

249



Chapter 6

spatial pattern of earthquake and shaking frequencies. Finally, the hazard maps are presented in 

the following Chapter 7.
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CHAPTER 7 - SEISM IC HAZARD MAPS FOR LAZIO-ABRUZZO CENTRAL  

APENNINES

7.1 INTRODUCTION

Two different types of seismic hazard maps are presented in this chapter for the region of 

central Apennines. In Section 7.2, a maximum expected shaking intensity seismic hazard map is 

presented, which is produced using only the locations of active faults and the bedrock geology. 

In Section 7.3, two quantitative seismic hazard maps are presented; the first is displayed in 

Section 7.3.1 based on the measured throw-rate data (Table 4.2) presented by Roberts and 

Michetti (in press) and the second is displayed in Section 7.3.2 based on the predicted throw- 

rate data extracted from the equation presented by Cowie and Roberts (2001) (Table 4.5). These 

maps were constructed based on the methodology presented in Chapter 6. In particular, throw- 

rates were converted into earthquake frequencies of a given magnitude (Ms=6.5), then the 

epicentres were plotted 10 km away from the fault trace in the hanginwall and 12.5 km radius 

circles were added, representing intensity IX isoseismals. Afterwards, the number of isoseismal 

overlaps was calculated manually, inserted into Excel and then contoured so as to produce the 

hazard map. The same process occurred for both the measured and predicted throw-rate hazard 

maps. In Section 7.3.3 both maps (measured and predicted throw-rate hazard maps) are 

attenuated/amplified with the bedrock geology. These quantitative maps show how many times 

each locality will receive enough energy and shake at intensity IX or higher in a certain time 

period. Based on these numbers, the probability for a locality to experience macroseismic 

intensity IX or higher, for a certain exposure time, can be estimated. The maximum shaking 

intensity seismic hazard map is useful for deterministic purposes, whereas the quantitative maps 

are useful for probabilistic approaches. Finally, Section 7.4 offers a discussion and Section 7.5 

presents the conclusions.

7.2 MAXIMUM SHAKING INTENSITY SEISMIC HAZARD MAP

The map presented in this section (Fig. 7.1a) shows which locations are expected to experience 

high or low intensities, but without specifying the possibility or probability of the assessment. 

Therefore, no throw-rate data are required for its construction. Figure 7.1a shows the maximum 

expected shaking intensity for each of the 2205 pixels. The maximum intensity locations are 

defined by two factors: (a) the proximity to the nearest active fault (using a circle diameter of 25 

km for an energy level capable of producing shaking at intensities >IX and of 50 km for those
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capable of producing shaking at intensities >VIII [Grandori et al., 1991]; the epicentre is located 

10 km from the fault trace in the hanging wall); and (b) the local bedrock geology (Figure 7.1b, 

assuming that a Mesozoic-Neogene limestone site experiences one shaking intensity magnitude 

less than the flysch or Quaternary sites). This maximum expected intensity map is not produced 

using any data on historical earthquake locations, but is an example of what can be achieved 

using only the bedrock geology and locations of active faults, when the location of active faults 

(seismic sources) is known.

7.3 QUANTITATIVE-FREQUENCY OF SHAKING SEISMIC HAZARD MAPS

7.3.1 HAZARD MAPS FROM MEASURED THROW-RATE DATA

Figure 7.2a shows how many times a locality could receive energy levels capable of producing 

shaking at intensities >IX in 18 kyrs implied by measured throw-rate data (Table 4.2). This map 

assumes homogenous bedrock geology, a circular pattern of energy release and 12.5 km radius 

of isoseismal IX. Several interesting features are observed in the hazard map.

The area of highest shaking frequency is observed towards the centre of the Liri fault, which 

receives enough energy to shake at intensities >IX, 110-120 times in 18 kyrs (the highest 

measured value is 119). This is attributed to the combined effects of four centrally located active 

faults (Liri, Fucino, Trassaco and Scurcola), two of which exhibit high throw-rates (Fucino 2 

mm/yr, Liri 1.1 mm/yr). All four faults are closely spaced across strike and dip towards the 

southwest, so that their isoseismals overlap, producing the area of highest shaking frequency. 

Overall, the Liri valley and the Fucino basin can be characterised as areas of high shaking 

frequency since they will shake more than 70 times in 18 kyrs. Other areas of high shaking 

frequency are located in the hangingwall centre of the L' Aquila fault that will shake up to 80 

times and in the centre of the Carsoli fault that will shake up to 55 times in 18 kyrs. The shaking 

frequency values progressively decrease away from the centre of the array, following a similar 

decrease in throw-rates towards the tips of the array as demonstrated in Chapter 4.

Areas of low shaking frequency are observed in the hangingwalls of the Rieti, Leonessa and the 

Cassino faults. These localities will receive enough energy to shake at intensities >IX, only 5-10 

times in 18 kyrs. This occurs because each of those areas receive enough energy to shake at 

intensities >IX from only one low throw-rate fault (Cassino fault 0.33 mm/yr, Rieti and 

Leonessa faults 0.4 mm/yr).
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Two areas of low shaking frequency, which are surrounded by areas of higher hazard, are 

observed in the footwalls of the Fiamignano (10-15 shaking events) and the Fucino faults (15- 

20 shaking events), forming two “islands” of low shaking frequency within the middle part of 

the fault array. Both localities are situated only 30 km away from the area of the highest shaking 

frequency. This can be explained by the fault geometry. Over long time periods the hangingwall 

centre of a fault receives most of the seismic energy, whilst considerably less seismic energy is 

released towards the hangingwall tips. In Chapter 6, it was shown that earthquake density is 

significantly lower closer to fault tips, implying that these localities will experience a small 

number of events capable of producing intensities >IX. These low shaking frequency localities 

are both situated away from any hangingwall centre. In particular, only earthquakes generated 

from the southeastern and northwestern parts of the Sella di Como and the Fucino faults could 

produce enough energy to shake the locality around the footwall of the Fiamignano fault at 

intensities >IX. Similarly, the low hazard locality in the footwall of the Fucino fault receives 

energy to shake at intensities >IX only from the northeastern part of the L’Aquila fault and the 

northwestern part of the Sulmona fault.

Note that the Maiella fault is not shown as an active fault on this map (compare with Fig. 7.2b), 

because at the time of the map construction there were poor data concerning its throw-rate value 

from field studies. However, the Maiella fault is included in the predicted throw-rate seismic 

hazard map, presented in the following Section 7.3.2.

7.3.2 HAZARD MAPS FROM PREDICTED THROW-RATE DATA

Figure 7.2b shows how many times a locality could receive energy levels capable of producing 

shaking at intensities >IX in 18 kyrs by using predicted throw-rate data. Predicted throw-rates 

were calculated from the equation E = 2Ri/Li and have been presented in Table 4.5. This map 

also assumes homogenous bedrock geology. In Chapter 4, it has been demonstrated that 

measured throw-rates correlate well with predicted throw-rates (Fig. 4.20, R^=0.6). 

Accordingly, the map from predicted throw-rate data shows very similar patterns of shaking 

frequency to the map of measured throw-rate data (Fig. 7.3).

In particular: i) The area of highest shaking frequency is observed towards the centre of the Liri 

fault, which receives enough energy to shake at intensities >IX, 110-115 times in 18 kyrs (the 

highest value is 114), whereas the centres of the Cassino and Leonessa faults will receive 

enough energy to shake at intensities >IX, only 10-15 times in 18 kyrs; ii) the Liri valley and the 

Fucino basin will also shake more than 70 times in 18 kyrs; iii) the locality in the centre of the
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maps. Positive values represent those localities where the measured throw-rate hazard map 

shows more events than the predicted throw-rate hazard map, whilst negative values represent 

those localities where the predicted throw-rate hazard map calculates more events than the 
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Fault, CFF- Campo Felice Fault, LF - Liri Fault; TF - Trassaco Fault; SuF - Sulmona Fault; 

PF - Pescasserolli Fault; CMF - Cinque-Miglia Fault; CaSF - Cassino South Fault (see also 

Fig. 4.1c).
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Carsoli fault will shake again up to 60 times in 18 kyrs; and iv) the low frequency regions 

situated in the footwalls of the Fiamignano and the Funico faults are also observed in the 

predicted hazard map and exhibit similar frequency values (10-15 times) to the measured hazard 

map.

The main difference between the measured and predicted maps is observed in the hangingwall 

of the Sulmona fault (Fig. 7.3). This is a hazard peak area in the predicted throw-rate map 

(shakes up to 70 times), which is not observed on the measured throw-rate hazard map (shakes 

up to 35 times only). This occurs because the Maiella fault, whose epicentres occur beneath the 

hangingwall of the Sulmona fault, is not shown as an active fault in the measured map. 

Therefore, the Maiella fault does not contribute any events in the measured throw-rate map, 

producing a deficit of about 30-35 events in Figure 7.3. Thus, this difference is simply due to 

the lack of measured throw-rate data for the Maiella fault.

Another difference is observed, in the hangingwall centre of the L’ Aquila fault (Fig. 7.2, Fig.

7.3). The predicted map calculates a lower frequency of events (55-60 times in 18 kyrs), 

compared to the higher frequency of the measured throw-rate map (80 times in 18 kyrs). This is 

due to differences between the measured and the predicted throw-rate values of the L’Aquila 

fault. In particular, the L’Aquila fault contributes 50 events in the measured throw-rate map and 

32 in the predicted throw-rate map, producing a surplus of about 20 earthquake events in Figure 

7.3.

On the other hand, the predicted throw-rate map calculates a higher frequency of events (50-55 

times in 18 kyrs) towards the hanging wall centre of the Pescasserolli fault, compared to the 

lower frequency of the measured throw-rate map (35-40 times in 18 kyrs). Even though the 

nearest active fault is the Pescasseroli fault, this difference is due to the Cinque Miglia fault. 

Scaling relationships predict a higher throw-rate (0.98 mm/yr) on the Cinque Miglia fault 

compared to the significantly lower measured throw-rate value (0.4 mm/yr). Therefore, the 

Cinque Miglia fault contributes 23 events in the predicted throw-rate map and only 9 events in 

the measured throw-rate map, producing a deficit of about 10-15 events in the hangingwall 

centre of the Pescasseroli fault (Fig. 7.3).

7.3.3 FINAL HAZARD MAPS ATTENUATED/AMPLIFIED WITH BEDROCK GEOLOGY

The maps in Figure 7.4 are a combination of the previous two types of maps (Fig. 7.1 and Fig.

7.2) and show how many times a locality will shake at intensities >IX in 18 ka, considering the
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bedrock spatial distribution. In effect, the values in Figures 7.2 and 7.3 are multiplied by those 

in Figure 7.1 within Excel. Quaternary/Tertiary sediments are less dense and rigid compared to 

basement rocks so that their physical effect on ground accelerations are different to that on 

bedrock, resulting in higher damages and consequently to higher intensity values (e.g. Bolt, 

1999). In Lazio-Abruzzo, a simple attenuation/amplification function has been used (see Section

6.4.3) that decreases the intensity by a single value, if two localities are equidistant from an 

epicentre, but one lies on Mesozoic or Neogene limestone and the other lies on 

Quaternary/Flysch deposits. Thus, localities that are founded on Mesozoic or Neogene 

limestone will not shake at intensity IX. As a result, in these final maps the number of times a 

locality receives enough energy to shake at >IX in 18 ka, is depicted only in locations that are 

susceptible of obtaining such intensity levels.

7.4 DISCUSSION

The maps presented in this chapter demonstrate that geological fault throw-rate data can provide 

not only a map of maximum expected shaking intensity within an area, but also a quantitative 

estimation of the frequency of seismic shaking. These maps offer a complete record of hazard 

and a high spatial resolution that cannot be achieved by the traditional seismic hazard maps that 

are based on historical/instrumental seismicity data. This is because the historical record 

confirms surface ruptures only for the Fucino (Oddone, 1915) and the Barete (Blumetti, 1995) 

faults. A number of other faults may also be capable of hosting such earthquakes as suggested 

by shaking intensity records (D’Addezio et al., 2001), but it is clear that the historical record 

does not include rupture of every fault in the region for which post-glacial surface fault slip has 

been demonstrated. For example, after using the updated throw-rate database in Chapter 4 

(Table 4.3), low throw-rate faults such as the Leonessa (0.3 mm/yr), the Rieti (0.4 mm.yr) the 

Cassino (0.28 mm/yr) and the Carsoli (0.39 mm/yr) faults would take about 2400, 1570, 1750 

and 1530 years respectively, to accumulate enough elastic energy to produce a M=6.5 event. 

These are the mean recurrence rates calculated by dividing the postglacial seismic moment of 

the fault by the seismic moment of a Ms=6.5 earthquake, without considering any clustering or 

anticlustering periods, that could reduce or extent these intervals. However, the historical record 

is regarded as complete for large surface faulting events for only the last 650 years (see Section

4.1.3.2), implying that some of the faults have not ruptured in the time interval covered by the 

historical record. Therefore, the historical record provides insufficient temporal and spatial 

coverage of the hazard pattern. Following these remarks, it is argued that the only way to 

realistically quantify hazard in Lazio-Abruzzo is to extend the observation period so as to 

include numerous slip-increments at every location (Roberts et al., in press). This has been
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achieved by using geological fault throw-rate data that show a higher spatial resolution of 

hazard compared to hazard maps based on historical earthquake catalogues which show hazard 

that is essentially uniform across Lazio-Abruzzo (e.g. Slejko et al., 1998).

Although there is a six fold increase in the maximum fault specific throw-rates from distal to 

central faults, there is a 12 fold increase in seismic shaking frequency. This occurs because 

modelled isoseismals from neighbouring faults overlap. As a result, hangingwall localities of 

central faults receive enough energy to shake at intensities IX or higher from all their 

neighbouring faults situated less than 25 km away.

It is interesting to note that the shaking frequency in the region varies significantly not only 

along the strike of the overall fault array and along the strike of particular faults, as it has 

already been demonstrated from throw-rate variations in Chapter 4, but also across strike the 

fault array. For example, the region of highest shaking frequency is not located in the Fucino 

basin that is the hangingwall centre of the fastest slipping fault in the area, as one would expect, 

but several kilometres towards the southwest in the Liri valley. The latter implies that the area 

of highest shaking frequency does is not always coincide with the hangiwall of the fastest 

slipping active fault. This is due to fault geometry and the low across strike spacing (7-15 km) 

of active faults in Lazio-Abruzzo.

Several areas of anomalously high and low shaking frequency on the maps interrupt the 

otherwise smooth distribution of hazard, which progressively decreases away from the centre of 

the array. Some areas of high shaking frequency are attributed to short recurrence intervals 

calculated for active faults such as the Fucino, the L’ Aquila, the Campo Imperatore and the 

Fiamignano faults, but in most cases areas of high shaking frequency result from the combined 

effect of different faults. On the other hand, two areas of anomalously low hazard are observed 

within the central part of the region. These regions receive enough energy to shake at intensities 

>IX only from a small number of earthquakes generated close to fault tips. Both localities are 

indeed areas of low hazard and not seismic gaps because this pattern is observed over a long 

time period, including several earthquake cycles. This is a very interesting feature because both 

localities are situated close to the geographic centre of the fault array where one might expect 

relatively high earthquake shaking frequencies as implied by the large number of faults and their 

throw-rate distribution. However, these areas are influenced not only by the throw-rates and the 

fault geometry, but also from the dimensions of modelled isoseismals. Therefore, if different 

radius values of isoseismals IX are used, these low shaking frequency areas would either be 

expanded, or reduced in area or even disappear. Thus, this is important because the dimensions 

of modelled isoseismals impact on the hazard distribution. However, the implications of
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applying different modelled intensity radius values on the hazard maps, are not examined in this 

chapter. This is examined quantitatively through a sensitivity analysis performed in Chapter 9.

All quantitative maps show anticipated intensities and can be transformed into maps showing 

the shaking recurrence intervals for given localities. Therefore, they offer a locality specific 

earthquake recurrence record rather than a fault specific record. This is important for low across 

strike fault spacing areas, such as Lazio-Abruzzo, where the hazard pattern results from the 

combined effect of several different faults. The site-specific shaking recurrence interval is 

estimated to be as short as 150-200 yrs for localities in the centre of the Liri fault and as long as 

1800-3600 yrs for the hangingwall centres of the Leonessa and the Cassino faults. This map can 

be used, in combination with the historical record, to calculate conditional probabilities for short 

time periods. In Chapter 10, conditional probabilities have been calculated for some localities, 

which are based on these recurrence interval values and the historical record.

There is little difference between the map constructed from measured throw-rate data as 

opposed to the map constructed from predicted throw-rate data. Thus, the maps that are 

produced from two independent data sources are similar to each other. This similarity lends 

more confidence to the described deformation rate pattern, and thus to the seismic hazard 

assessment of the study area. Thus, the method that predicts fault throw-rates based on fault 

scaling relationships, can be used in extensional areas where data on fault lengths and the map 

pattern of the fault array are available, but deformation rate data are not. Herein, it is important 

to note that the equation should be applied in those regions where there are strong indications of 

fault interaction processes. Such geometries develop over a time period, which includes 

hundreds to thousands of slip-increments at every location along the fault system (Cowie and 

Roberts, 2001). The good agreement between measured and predicted rates of deformation in 

this study implies that 18 ka may be long enough to include slip-increments at every location 

along the fault system (Roberts et al., in press).

These hazard maps do not take account of any possible earthquakes that are not related to the 

active faults presented in Chapter 4; possible alternative seismic sources are volcanism related 

deformation on the west coast of central Italy or active faults that are located outside the studied 

area, but could potentially produce damage inside it. Finally, it should also be noted that these 

maps indicate the long-term shaking hazard, not where the next earthquake will occur.

Roberts et al. (in press) compared the recurrence intervals of these maps with the historical 

earthquake shaking record since 1349 A.D.. The historical record is regarded as complete for 

large surface faulting events since 1349 A.D. (see Section 4.1.3.2). 14 towns were identified
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that had numerous records of earthquake shaking back to around 1349 A.D. or were sufficiently 

developed in cultural way to have recorded a large magnitude event at this time (Table 7.1 and 

Fig. 7.4a). A second scale on the hazard maps (e.g. Fig. 7.4c) allows the event frequency of 

intensity IX shaking since 1349 A.D. to be assessed, with errors induced by the ± 20% on 

measured throw-rates indicated. This comparison assumes that the rates of fault throw 

accumulation over long time periods (e.g. 18 kyrs) are representative of shorter time periods 

(e.g. 653 years). As demonstrated previously, a 653 year-period is not enough for a complete 

pattern of hazard to have emerged because many low throw-rate faults (e.g. Carsoli, Cassino, 

Leonesa, Rieti) will probably have not ruptured during this time period and other faults could be 

in a cluster or an anticluster period will provide recurrence rates that would be unrepresentative 

of the their longer term pattern of hazard. Thus, an excellent match between the average 

recurrence intervals from these maps and the historical record was not expected. Roberts et al. 

(in press) found a positive correlation (R^=0.68) between shaking event frequencies from 

measured throw-rates and those in the historical record (Fig. 7.5a). The same is true for the 

predicted throw-rate hazard map with the exception of the region around the town of L’ Aquila 

(Fig. 7.5b). Overall, these hazard maps seem to be in agreement with the historical record. The 

town of L’ Aquila is an interesting case, because it was shaken at intensity IX three times (1349 

A.D., 1461 A.D., 1703 A.D., Boschi et al., 1999) in 653 years. According to the measured 

throw-rate map (Fig. 7.4a) this town was expected to receive enough energy to shake at 

intensity IX 2 times and according to the predicted throw-rate map only once (Fig. 7.4b). Thus, 

the town of L’Aquila is ahead of its longer-term shaking record, indicating a potential 

earthquake cluster on those faults that are capable of generating IX earthquake-shaking in the 

town of L’ Aquila.

7.5 CONCLUSIONS

Geological data can provide not only a map showing the maximum expected shaking intensity 

within an area (Fig. 7.1), but also a quantitative assessment through the measuring of the long

term timescale of earthquake occurrence that can be extracted from geologic fault throw-rate 

data (Fig. 7.2, Fig. 7.4). Geologic fault throw-rate data sample much greater periods of time, 

than historical seismicity data, providing not only a more reliable estimate of hazard by 

eliminating the incompleteness and the temporal clustering problems associated with 

instrumental/historical seismicity datasets, but also higher spatial resolution. Additionally, these 

maps consider the influence of bedrock geology on the intensity distribution.
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T able 7.1 Historical records of earthquake shaking and predicted shaking records for Lazio-Abruzzo (from Boschi et al., 1999, INGV website).

Town

(Numbers for 
the towns relate 
to the numbers 

on Figure 7.4a)

Notes on total 
number of historical 
shaking events of all 

intensities

Dates of intensity > 
8.5 shaking events. 
Where shaking was 
equal to 8.5, this is 

indicated.

Measured number 
of times shaken at 

intensity >8.5 since 
1349 A. D.

Measured number 
of times shaken at 

intensity 9 (IX) 
since 1349 A. D.

Predicted number of 
times shaken at 
intensity 9 (IX) 

since 1349 A. D. 
from measured 

throw-rates 
(± error from ±20% 
error on measured 

throw-rate)

Predicted number of 
times shaken at 
intensity 9 (IX) 

since 1349 A. D. 
from predicted 

throw-rates

1. Cittaducale 11 sincel315 A.D. None 0 0 0 (+0/-0) 0
2. Pacentro 6 since1349 A.D. None 0 0 0 (+0/-0) 0
3. Rocca d'Evandro 4 since 1120 A.D. None 0 0 0 (+0/-0) 0
4. Scanno 12 since 1349 A.D. 1706 A.D. (I. 8.5), 1 0 0 (4-0/-0) 0
5. Anagni 9 since 1315 A.D. None 0 0 0 (+0/-0) 0
6. Rieti 25 since1298 A.D. None in Catalogue 

but 1298 A.D. was 
intensity IX

0 0 1 +0/-0 1

7. Sulmona 21 since 1315 A.D. 1706 A.D. 1 1 1 (4-0/-0) 2
8. Popoli 11 since 1456 A.D. 1456 A.D., 

1706 A.D. (I. 8.5),
2 1 1 (+0/-0) 2

9. Sora 21 since 1349 A.D. 1349 A.D. (I. 8.5), 
1654 A.D. (I. 8.5), 

1915 A.D.

3 1 1 (+1/-0) 1

10. Pratola Pelinga 6 since 1456 A.D. 1456 A.D. (I. 8.5), 
1706 A.D.,

2 1 1 (+0/-0) 2

11. Balsorano 
Vecchio

2 since 1349 A.D. 1349 A.D. (I. 8.5), 
1915 A.D.

2 1 2 (+1/-0) 2

12. Pescosolido 4 since 1654 A.D. 1915 A.D. 1 1 1 (+1/-0) 1

13. Avezzano 14 since1349 A.D. 1349 A.D. 
1915 A.D.

2 2 3 (+0/-1) 3

14. L'Aquila 35 since 1315 A.D. 1349 A.D., 1461 
A.D., 1703 A.D.

3 3 2 (+0/-0) 1

s



4
N = 14y = 0.8483X + 0.2621 

Ff =0.6819

30) A
O) ^

1

•u

0
0 1 2 3 4

M easured number of shaking ev en ts  at 
intensity IX or ab ove s in ce  1349 A.D. 

from the historical record

b)

I ^
i sO) ^

I I.cw

E  « 

1 2

I f
II

T3

S
1
Q .

I

4
N = 13y = 1.4545x + 0.1818 

R̂  = 0.8312

3

2

(The town of L'Aqulla is not 
included in this plot)

1

0
0 2 3 41

M easured number of shaking ev en ts  at 
intensity IX or ab ove s in ce  1349 A.D. 

from the historical record

Figure 7.5. Comparison of the historical record of earthquake shaking for the towns in Table 

7.1 with the shaking frequencies predicted in Figure 7.4a and 7.4b for the period 1349 A.D. to 

present, (a) Measured throw-rates, (b) Predicted throw rates.
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This study provides a map showing how many times each location might be shaken at intensity 

IX or higher in an 18 kyrs time period. The maps show that some areas are likely to receive 

enough energy to shake at intensities >IX, 115-120 times in 18 kyrs, whilst other neighbouring 

areas have values of 15-20 times or less. At the same time, some areas will not shake at 

intensities >1X because they are founded on limestone. This is in contrast to existing seismic 

hazard maps where the hazard distribution within large areas defined as seismic zones is 

assumed to be uniform.

The hazard maps presented in this chapter have shown that it is not only fault throw-rates that 

govern the hazard distribution, but also the fault geometry and the fault spacing. Even though a 

six fold increase is evident in the maximum fault specific throw-rates between distal and central 

faults, there is a 12 fold increase in shaking frequency. This occurs because modelled 

isoseismals from neighbouring faults overlap and areas of high shaking frequency result from 

the combined effect of different faults. These hazard maps successfully depict the combined 

effect of different faults in the shaking frequency distribution, suggesting that this method can 

be applied in areas like Lazio-Abruzzo, which are characterised by low across strike spacing (7- 

15 km) of active faults.

Two independent data sets have been used to produce seismic hazard maps for the Lazio- 

Abruzzo region, central Italy and both lead to similar results (Fig. 7.3). Neither uses earthquake 

frequency data from instmmental/historical seismicity because such records for this region are 

too short for a full pattern of fault-slip to have emerged. This similarity lends confidence to the 

described deformation rate pattern, and thus to the seismic hazard assessment of the study area. 

Moreover, it shows that knowledge of fault scaling relationships implies spatial changes in 

seismic hazards during the evolution of fault systems. Finally, the method that predicts relative 

fault throw-rates (Sections 2.6, 4.3.2, 7.3.2) can be easily applied in extensional areas where 

data on fault lengths and the map pattern of the fault array are available, but deformation rate 

data are poor or unavailable.

Finally, by comparing short-term throw-rates (e.g. historical record) with longer-term throw- 

rates (e.g. offset postglacial geomorphic features), one might be able to differentiate faults that 

are currently in a temporal cluster of earthquakes from faults that are currently in an anticluster, 

providing important insights into seismic hazards. In Lazio-Abruzzo the historical record seems 

to be in agreement with the longer-term throw-rates, with the exception of the region around the 

town of L’ Aquila (Fig. 7.5), which may be in a cluster period.
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CHAPTER 8 - DEVELOPING THE NEW  TECHNIQUE FOR THE  

CONSTRUCTION OF SEISMIC HAZARD MAPS IN THE SOUTHERN  

APENNINES IN A GEOGRAPHIC INFORM ATION SYSTEM  ENVIRONMENT

8.1 INTRODUCTION

In this chapter the application of Geographic Information System (GIS) technology in seismic 

hazard analysis is presented as developed for study of the southern Apennines. A variety of 

steps and procedures are described such as adding, manipulating and analysing data on seismic 

hazard through the use of GIS. In Chapter 6, Excel was used to map the hazard. In this chapter, 

this function is performed along with others through the GIS. The Excel software is used for 

only two processes and in particular: i) for extracting the earthquake density along strike the 

faults and ii) moving the earthquake points 10 km away from the fault trace in the hangingwall 

to extract the hypothetical epicentres. Digital data were on the most part analysed using the 

Arc View version 3.2 GIS package that offers sufficient analysis operations for both vector and 

raster data. Finally, the Arc/Info GIS package was also used for creating, overlaying, counting 

and rasterising buffers that represent the modelled isoseismals. The hazard maps are presented 

in the following Chapter 9. Section 8.2 offers an overview of GIS, whereas Section 8.3 provides 

information about the GIS data structure. Section 8.4 presents the input data for the hazard maps 

in southern Apennines as well as the parameters and the empirical relationships used. In order to 

improve and adopt the technique for the construction of hazard maps (described in Chapter 6) 

into a GIS environment, some of the steps described in Section 6.2, were further evolved and 

modified and are presented in Section 8.5. In Section 8.6, an in-depth description is offered 

concerning the individual steps followed into the GIS, whereas a summary of the chapter is 

presented in Section 8.7.

8.2 AN OVERVIEW OF GIS

A GIS is described as a set of computer software tools which make it possible to collect, store, 

manipulate, analyse and display geographically referenced information (ESRI, 1995). It allows 

the manipulation and analysis of individual "layers" of spatial data and provides tools for 

analysing and modelling the interrelationships between layers (Bonham-Carter 1994). A CPU 

(central processing unit) is a high-speed computer that receives and processes data in digital 

form and a digitizer is a data entry device.
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Arc/Info is a Command Line Interface (CLI) GIS package which is complicated to use, but very 

powerful. On the other hand, ArcView provides a user friendly Windows-oriented environment 

for entering and extracting data (ESRI, 1995). ArcView Version 3.2 is capable of converting 

spatial data presented in vector format into grid format, which allows one to conduct spatial 

analyses on the area-based entities. This capability is essential for this study particularly during 

the final stage, when overlaying the bedrock geology on the hazard map in order to extract the 

final hazard map (Fig. 8.1).

GIS offers greater power for manipulation and analysis of data, than have been available 

manually. A GIS organises and stores information as a collection of thematic layers that can be 

linked by geography (ESRI, 2001). The integration of different data layers involves a process 

called overlay (e.g. Fig. 8.1). Each layer contains features having similar attributes and each 

layer represents a different theme (ESRI, 2001). Each thematic map concentrates on the 

distribution of a single attribute and thematic maps are divided into qualitative and quantitative 

maps.

8.3 GIS DATA STRUCTURE

8.3.1 DATA MODELS

There are two main GIS data models; the vector and the raster model and both of them have 

been used in this study.

a) Vector data model

The vector data model represents geographic features similarly to the way maps do, using 

points, lines, areas (ESRI, 1999). An X,Y, (Cartesian) coordinate system references real world 

locations and similarly the vector data defines geographic objects in terms of x,y coordinate 

pairs. The vector data model is an effective way to represent discrete features (features with well 

defined boundaries), but it does not do full justice to spatial phenomena that change gradually, 

have indistinct borders, or are mixed together (ESRI, 1999).

b) Raster data model

Instead of representing features by their X,Y coordinates, the raster data model assigns values to 

cells that cover their locations (ERSI, 2001). In the raster data, space is represented as a 

continuous surface that is divided into a matrix, or grid, of equally sized cells. Each cell stores a
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Figure 8.1 Schematic sketch showing the overlay analysis of different data layers, performed 
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numeric value (ESRI, 1999). Raster format is well suited to spatial analysis and is also 

appropriate for the storage of data that is collected in grid format. The amount of detail required 

to show for a particular feature depends on the size of the cells in the grid. This makes raster 

data inappropriate for applications where discrete boundaries must be known (ESRI, 2001).

Following these remarks it should be noted that the bedrock geology map that contains discrete 

boundaries was digitised as a vector model, but the hazard maps where a gradual change in the 

hazard pattern is evident, have been compiled through a raster data model.

Each geographical object (e.g. fault or polygon) is stored in a feature class, each individual 

feature is assigned a unique numerical identifier and is characterized by a unique location in 

space and corresponding record in an attribute table (ERSI, 2001). Homogeneous features (e.g. 

all Quaternary polygons) are aggregated into a single unit and each feature has a record in a 

table.

8.3.2 SPATIAL DATA FORMATS

There are different spatial data formats such as shapefiles, coverages and grids (ERSI, 2001) 

and all three of them have been used in this study.

Shapefiles are a vector file structure for storing the location and attribute information of points, 

lines or areas. Each shapefile consists of at least three files: Shapefile.shp, shx, dbf. If the 

shapefile has a defined coordinate system, the spatial reference information will be stored in the 

shapefile.prj file (ERSI, 2001). Shapefiles are Arcview's own format for storing features and 

attributes. Shapefiles can only contain one feature class. So a point feature must be stored in a 

different shapefile than a polygon feature. In this study all three different features have been 

used. In particular, points represent UTM localities where data were extracted, lines represent 

active faults and polygons represent different bedrock units. Regardless of feature type, a 

shapefile’s default attribute table is stored in dBASE format and is named shapefile.dbf (ESRI, 

2001). This file contains the database and it is also accessible via Excel. This is important 

because all the UTM earthquake point locations along the strike of the fault traces can be 

extracted from a .dbf file in ArcView and then can be moved 10 km away into the hangingwall 

through Excel. Their advantage is that a theme based on a shapefile can be easily edited and 

modified (ESRI, 2001). For example, if an error has to be corrected, or a map has to be 

modified, but is based on grid or on an Arc-Info coverage, it has to be converted first into a
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shapefile format and then be corrected. The latter also justifies why the bedrock map has been 

stored as a shapefile.

Coverage is an Arc/Info data file in which geographic features are stored as points, lines and 

polygons, and feature attributes are stored in associated info tables (ESRI, 1999). A coverage is 

a collection mechanism that may contain one or more feature classes. Area and line features 

have separate attribute tables, but they share the same geometry (ESRI, 2001). Points and lines 

could belong in the same coverage, but they will not share the same geometry. However, points 

and polygons attributes could not be part of the same coverage. A coverage is one of Arc/Info 

native vector formats (ESRI, 2001). Coverage must be stored in an ArcGIS workspace. An 

Arc/Info workspace is simply an operating system folder with a subfolder named info, which 

stores and manages the info format attribute tables for the coverage in the workspace (ESRI, 

2001). Both coverages and workspaces should be managed only through the ArcGIS tools. 

ArcGIS tools are designed to preserve the link between the files stored in the coverage directory 

and the files stores in the info directory, whereas operating systems file management tools (such 

as the Windows Explorer) are unaware of this link (ESRI, 2001). This is important when 

transferring files from ArcView to Arc/Info (and this happened several times during this study) 

or particularly when renaming the coverage folder in order to run the same applications, but 

with different input data (e.g. during the sensitivity analysis). In conclusion, coverage files are 

stored in two folders: the coverage folder and the Info folder and files in both folders are 

required to reconstruct a coverage’s spatial and attribute information (ESRI, 2001).

Grid is the Arc/Info native raster format. In a grid theme, geographic data is stored in an array of 

equally sized square cells arranged in rows and columns and each cell has an attribute value 

(ESRI, 1999). Grid themes can be created or (as happened in this study) be converted from a 

feature theme with the ArcView spatial analyst extension.

8.4 DATA INPUT, PARAMETERS AND EMPIRICAL RELATIONSHIPS USED

8.4.1 DATA INPUT

A 1:500000 geological map (Consiglio Nazionale delle Richerche, 1990), which is the same 

edition to the geological map rasterised in Lazio-Abruzzo, was used for the generation of the 

digital geological layer (Fig. 8.2). Digitising is a conversion process, through which existing 

paper maps in an analogue form will be transmitted into the digital vector format. Three types of
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Figure 8.2 Simplified geological map for Campania-Irpinia-Basilicata, southern Apennines. 

The bedrock map was modified and simplified from the CNR (1990) map and transformed 

into the UTM coordinate system through the Arcview projection utility extension.
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bedrock geology have been differentiated: (a) Mesozoic/Neogene limestone bedrock; (b) 

Neogene Flysch and extensional basin-filling deposits; and (c) Quaternary sediments (Fig. 8.2).

Two independent throw-rate databases have been used. Throw-rates represent either the 

measured values derived from geological data or the predicted values, which are calculated from 

the equation presented by Cowie and Roberts (2001). All input data concerning fault lengths 

and throw-rates were extracted from Chapter 5 (Tables 5.1 and 5.2 for measured data and Table 

5.3 for predicted data).

Finally, each pixel on the hazard maps in the southern Apennines represents an area of 100 X 

100 m. However, the accuracy is not considered as high. The estimated error in southern 

Apennines is calculated around a 1 km, providing a considerably higher spatial resolution than 

Lazio-Abruzzo maps (see Section 6.3).

8.4.2 PARAMETERS AND EMPIRICAL RELATIONSHIPS USED

The same relationships between coseismic slip values, rupture lengths and earthquake 

magnitudes to the Lazio-Abruzzo are used for the southern Apennines (e.g. a Ms 6.5 normal 

faulting earthquake produces about 1 meter of throw with rupture lengths of about 15 km), to 

calculate how many earthquakes of fixed size each fault experiences over a certain time period.

Moreover, a 12.5 km radius of isoseismal IX and a 25 km radius for isoseismal VIII were also 

used in the southern Apennines, which are in good agreement with historical evidence (see 

Section 6.4.2). Historical data of macroseismic intensity versus epicentral distance published by 

Grandori et al. (1991), covering the whole Apennines, show that earthquakes with epicentral 

intensity IX have a mean radius of 6 km for the IX isoseismal, whereas earthquakes with 

epicentral intensity X have a mean radius of 10 km for the isoseismal X and a mean radius of

20-21 km for the isoseismal IX. Moreover, earthquakes with epicentral intensity X and IX have 

a mean radius of isoseismal VIII of 35 and 15 km, respectively (Grandori et al., 1991). 

Additionally, Cobum et al. (1988) based on analysis of past earthquakes in the region of 

southern Italy, calculate about 12 and 25 km distance from the fault line to isoseismal IX and 

VIII, respectively for a Ml 6.5 event. Maugeri et al. (1993) calculated the average earthquake 

parameters from strong historical earthquakes generated in Calabria and Sicily. Even though 

smaller magnitude earthquakes in these areas appear to produce higher seismic intensities 

compared to the region of central Apennines, their values more or less agree with the values 

reported previously for the Apennines. In particular, Maugeri et al. (1993) found that on average
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a M 6.3 earthquake produces an epicentral intensity X and calculated that the intensity IX 

isoseismal is elliptical, with a 19.5 km and a 12.3 km long and short radii, respectively. 

Generally, a Ms=6.5 earthquake is expected to produce an epicentral intensity IX or X (e.g. 

Cobum et al. 1988; Grandori et al., 1991; D' Amico et al., 1999), but whether it is IX or X is 

crucial for the dimensions of the modelled isoseismals. As a result, a 12.5 km radius is the mean 

expected value for intensity IX for a Ms=6.5, regardless of its epicentral intensity. Additionally, 

in Chapter 9 a sensitivity analysis was performed to determine the influence of different 

isoseismal dimensions to the hazard pattern; a considerably higher value of 20 km for the radius 

of the modelled isoseismal IX was used, which is probably the extreme upper bound for a 

Ms=6.5 event.

As mentioned in Section 6.4.3, Petersen et al. (1997) classify geologic units into three groups: 

hard rock, soft rock and alluvium, which were chosen to correspond to the site conditions in 

terms of ground motion attenuation equations. Moreover, Park and Elrick (1998) correlated age 

units shown at geological maps in the southern California with the common site condition terms 

(hard rock, soft rock and alluvium) according to which Quaternary units are alluvium. Tertiary 

are soft rocks and Mesozoic are hard rocks. A similar approach was followed in the southern 

Apennines with the exception of Tertiary limestones that were classified as bedrock.

Several datasets that link surface geology and shaking intensity values suggest that there is 

approximately one degree of intensity difference between Mesozoic-Neogene limestones and 

pre-Quatemary sediments (such as Flysch deposits or foredeep sediments) and another degree of 

intensity difference between pre-Quatemary and Quaternary sediments near the epicentral area 

(Medvedev, 1965; Evemden and Tomson, 1985; Degg, 1992; see Section 3.4 and Table 3.4).

However, those age categories are not distinct in terms of their potential for seismic 

amplification and there is also a significant variability within those categories and in particular 

within the flysch/foredeep and the Quaternary units of the same age. For example, flysch 

deposits that are of Eocene to Miocene age can potentially be considered as bedrock, but several 

shaking intensity values as high as X were recorded on turbidite siliciclastic sites of 

flysch/foredeep deposits during historical earthquakes in Italy (Boschi et al., 1995b). This 

occurs because turbidite flysch/foredeep deposits are prone to landslides and soil creep 

processes. Additionally, when using a geological map to classify sites, there is a potential that 

the geological units displayed on the map are covered by thin Quaternary sediments that are not 

depicted on the map. Therefore, mapped geological units do not always reflect the upper few 

meters of surface geology. However, these upper few meters are very important in terms of site 

amplifications and impact on the hazard distribution. Additionally, Quaternary sediments are in
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places mainly composed of eroded flysch/foredeep origin material that in places are hard to 

differentiate from the underlying flysch/foredeep deposits. Finally, an error is also introduced 

because several Quaternary sites are too small to be represented in a 1:500000 scale map.

In conclusion, it is debatable whether the flysch/foredeep unit should be classified in the same 

group as the Quaternary or the bedrock. In the southern Apennines, several scenarios were 

examined. In the first scenario flysch and Quaternary deposits were classified in the same group 

similar to the scenario presented in Lazio-Abruzzo. In a second scenario, flysch and bedrock 

were grouped together, therefore only localities that lie on Quaternary sediments are susceptible 

of shaking at intensity IX or higher. In the final scenario, an amplification function which 

produces three different shaking intensity levels, one for the bedrock, one for the 

Flysch/foredeep deposits and another one for the Quaternary sediments has been used. In the 

latter scenario, a relatively simple attenuation/amplification function has been used that 

decreases the intensity by: i) a single value, if two localities are equidistant from an epicentre, 

but one lies on Mesozoic or Neogene limestone and the other lies on flysch/foredeep deposits 

and ii) two single values if two localities are within 12.5 km from the epicentre, but one lies on 

Mesozoic limestone and the other lies on Quaternary sediments.

8.5 DESCRIPTION OF THE MODIFIED TECHNIQUE APPLIED WITHIN THE GIS

In Section 6.2 the theoretical description of the technique was described in eight individual 

steps. In order to improve the technique and achieve better results within the GIS, some of the 

steps described in Section 6.2, were further evolved and modified. Herein it should be clarified 

that the theoretical perception of every step described in Section 6.2, remains the same and only 

its application methodology has been modified. In particular this occurred for Steps 5, 6, 7 and

In Step 5, the earthquake density has to be extracted along strike the fault trace according to the 

fault throw variation. For Lazio-Abruzzo, each fault was divided according to its length into 

three or five patches and each patch had a homogeneous earthquake density, which facilitated 

and speeded up the manual counting of the isoseismals in Step 6. However, in reality each patch 

includes more events towards the fault centre and less towards the tips. This step has been 

modified and a mathematical formula that creates a more realistic earthquake distribution along 

strike the fault trace has been developed and is explained in the following paragraph (Fig. 8.3).
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N * A m6 . 5 = A a, = > N  =  (2*Aa,) /1 5 0 0 0
N = [(h*1000)/(L*7500)rx‘

Area^x= \  (2h*1000/L)*x*dx = (h*1000/L)

h= postglacial throw in m

L= fault length in km
AX

L (iength in km)X L72

N = a x'

^X

i

N = a (L-x)

X

(= ^ N /a  }  0 < X £ \ J 2 x= L -\/N /a  }  LV2 « X < L 

a= (h*1000)/(L*7500)

Figure 8.3 Mathematical formulae that describe the earthquake distribution along the strike of 

the fault trace. The distance (x) in meters of every earthquake point from the tip of the fault 

can be calculated. One formula applies on the first half of the fault length (triangle A) and the 

other formula applies on the remaining half (triangle B).
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In Figure 8.3, L represents the length of the fault in km and h is the maximum postglacial throw 

in m. The goal is to extract an equation that will calculate the distance (x) in meters of every 

earthquake point from the northwestern tip of the fault. The triangle AX contains N number of 

Ms=6.5 events (Area^x = N * AreaMe s)- The area of a Ms 6.5 event (1 m of throw and 15 km of 

surface ruptures) is: Amô.s = (1* 15000)72 in meters 

Additionally, the area of triangle AX is:
X

j (2h^ l000 /L )*x^dx^ ...............................=> [(;z*1000/L)*jc'£
0

j x * d x  = /2

Therefore, N can be calculated from the following equation Aax= N* Amô.s => N = 

(h*1000*x^)/L*7.500 = (h*1000/L*7500)*x^ . This equation is in the form of Y=a*x^, where 

Y=N (the number of M 6.5 events inside the AX triangle) a is a constant (h*1000/L*7500) and 

X is the distance from the tip of the triangle (or in other words the distance from the NW tip of 

the fault). This equation (Y=<2 *x^) applies only to triangle A or the first half of the fault. For the 

other triangle B or the remaining half of the fault, the following equation is valid Y=a*(L-x)^.

In conclusion, the distance (x) in meters of every earthquake point from the NW tip of the 

fault can be calculated from the following equations:

x  = d N / a  0 < x <  L / 2

X = L - ^ J n l a  —> L / 2 <  x <  L

where a -  (/t *1000/ L*7500)

Even though the distance of every earthquake point from the NW end of the fault is known, its 

exact UTM locality is not. In order to place each one of these points into UTM coordinates a 

script was run in Arcview (developed by Mokraoui, 2001, see Appendix C) that creates a point 

in UTM coordinates, given the distance and bearing from an existing UTM point (e.g. from the 

northwestern tip of the fault). Faults are usually curved in map view but this technique, for 

simplicity, treats fault features as straight lines. This will introduce an error depending on the 

fault geometry, but its impact on the hazard pattern is small. It should be mentioned that these 

earthquake points do not describe the epicentres because they are situated on the fault trace, thus 

they should be relocated 10 km into the hanging wall to extract the hypothetical epicentres (Fig.

8.4). Therefore, in step 6 the earthquake points along strike the fault trace that are now 

expressed in UTM coordinates, are plotted 10 km away from the fault in the hangingwall (Fig.
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a) Moving the epicentres 10 km away from the fault trace in the hangingwall

X2 = Xi + cosa2 * 10 

Y2 = Yi + sina2 * 10
Azimuth

Epicentre
(X2,%)Y1 -

Y2 -
Active fault traceEpicentre

(X2,%)
X2= Xi - cosa2* 10 

Y2 = Yi - sina2 * 10

X1X2

}For NE dipping faults

}
For SW dipping faults

b) IN MAP VIEW
Fault length

Irpinia fault

UTM locality 
representing the 
NW tip of the fault

UTM locality retrieved 
from ArcView after running 
the script

Vallo di Diano 
fault

Final epicentre UTM locality 
calculated in Excel

Figure 8.4 a) Based on trigonometry, earthquake points situated along strike the fault trace 

and described in UTM coordinates, can be relocated 10 km in the hangingwall to extract the 

hypothetical epicentres also in UTM coordinates, b) Example showing a similar process in 

map view for a NE dipping fault (Irpinia fault) and a SW dipping fault (Vallo di Diano fault) 

from the study area in southern Apennines.
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8.4) through Excel, and the final UTM locations of the hypothetical epicentres are extracted. 

This is explained in the following paragraph and Figure 8.4.

Xi,Yi as well as the bearing of the fault V are already known. Using trigonometry the new 

Xz.Y] UTM coordinates can also be extracted. V + a2 = 180° => a2= 180° - V. Moreover inside 

triangle B: a2 + ai + 90° =180° => ai = 90° - a2. Consequently, a2, a; and the hypotenuse (10 km) 

are also known. Therefore for the smaller triangle A the following relationship is extracted:

X p  X 2  = cosa2 * 10 => X 2  = X] - cosa2 * 10 

Y 1 -Y 2  = sina2 * 10 Y 2  = Yi - sina2 * 10

These relationships are valid only for SW dipping faults (e.g. Vallo di Diano fault, Fig. 8.4b). 

However, if the fault dips towards the NE (e.g. Irpinia fault Fig. 8.4b) the following equations 

apply:

X 2 -X 1 = cosa2 * 10 => X 2  = Xi + cosa2 * 10 

Y2 -Yi = sina2* 10 Y2 = Y, + sina2* 10

Afterwards, each UTM locality representing an hypothetical epicentre is imported into the 

Arc/Info and circle isoseismals, centred on the epicentres are added. Then, in step 7 all 

processes involving the summation and the contouring of the modelled isoseismals are also 

performed through the Arc/Info GIS package. Finally, in step 8, through the spatial analyst 

extension in ArcView, the bedrock geology is overlain on the hazard map to derive the final 

hazard map (Fig. 8.1).

8.6 DESCRIPTION OF INDIVIDUAL STEPS FOLLOWED FOR THE GIS 

APPLICATION

A step by step procedure is presented in this section that offers a complete view of the GIS 

application. For several steps more than one path can be followed, therefore arguments are 

presented for favouring a certain procedure. Finally, several important processes are highlighted 

which, if ignored, could lead to significant errors. The steps are described as follows:
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1) Building the database-digitising process

An existing paper map in an analogue form (CNR, 1990) was transmitted into a vector digital 

format. A vector data model is an effective way to represent discrete features such as the 

geological boundaries and can be easily edited and modified compared to a raster data model. 

Overall, building the database is the most time consuming step in the entire application of the 

GIS.

1) Inserting tic points

Firstly, the tic points are set. Tic Points are used to register the paper map. The digitiser 

converts the positions of features on a paper map to a series of X,Y, coordinates stores in 

computer files (ESRI, 1999). The degrees of latitude and longitude should be expressed as a 

decimal rather than in degrees, minutes and seconds. The paper map used in the southern 

Apennines is expressed in degrees of latitude and longitude, therefore the map coordinates were 

firstly transformed into decimal degrees and then imported into the GIS. In order to achieve 

higher accuracy and reduce the errors introduced, 10 tic points were used (4 tic points are the 

minimum requirement). Whenever, new data were inserted the map had to be re-registered.

ii) Digitising faults

All faults were digitised as lines and a line shapefile that contains all faults was created.

iii) Digitising Polygons

There are different ways to digitise the bedrock geology map. For example, Sakellariou (2001) 

digitised the bedrock geology using the CAD package AutoCAD 2000. In particular, 

Sakellariou (2001) digitised all geological boundaries as lines and then the appropriate digitised 

lines were linked and converted (through the use of a script written in Arc/Info’s programming 

language AML) into polygon features to represent areas of different geological attributes. 

However, in this study, digitising was accomplished straight through the Arc View 3.2 version 

by digitising polygons. This route was preferred in order to avoid: i) using an additional 

software package, and ii) risking errors by linking improper lines.

2) Register the map

Spatial data referenced with a geographic coordinate system have been projected into a planar 

coordinate system so that measurement units are uniform throughout the data (ESRI, 1995). 

More specifically the UTM (Universal Transverse Mercator) coordinate system has been used. 

It is a metric system so measurement units and distances are easily understood, because the
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basic unit is the meter and it is also accepted in many countries and by the scientific community. 

The bedrock map was re-projected into the WGS 1984 UTM coordinate system through the 

Arcview projection utility extension (Table 8.1).

Table 8.1 Input and output coordinate systems for the Arcview projection utility extension

Input Coordinate system Output Coordinate system

Name GCS European 1950 WGS 1984 UTM Zone 33N

POSC 4230 32633

Unit Degree Meter

Datum D European 1950 D WGS 1984

Prime meridian Greenwich Greenwich

3) Correcting digitising errors

Once the map is digitised, all digitising errors should be corrected in order to avoid gaps and 

overshoots. This is the most painstaking and time-consuming process. In order to facilitate this 

procedure and speed up the process the snapping environment in Arc View had been used. 

Snapping attaches the vertices of new shapes to those of existing shapes to avoid gaps or 

overshoots. The snap tolerance is the distance within which a vertex will automatically be 

snapped to the nearest existing feature (ESRI, 1999).

Every selected polygon is dragged slightly towards its neighbouring polygon, and both polygons 

will be attached, forming a common boundary. In most cases, in order to complete this task 

successfully, all remaining individual vertices (these are the points where two sides of a shape 

meet) that are not fitted into the common boundary, they have either to be moved accordingly 

towards the common boundary, or be deleted one by one manually.

The snapping tolerance should be very small in order to maintain the position of polygon 

boundaries, otherwise it can distort the polygons shapes and thus increase the error involved (a 

snapping tolerance of 50 m has been used). As soon as this task has been accomplished, no 

overshooting or gaps exist and all polygons share common vertices (or boundaries) with their 

neighbouring ones.
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4) Subtract overlapping features

Following the previous steps several small polygons were hidden by other larger polygons. As a 

result, in places a two layer bedrock map exists, which is false. This procedure subtracts one 

overlapping polygon from another. The portion of the overlapped polygon is removed and 

deleted. In every subtraction the overlapping features should be selected manually. In some 

cases, the order of the polygons should be reversed first, so as to delete the appropriate polygon. 

Overall, following this procedure an “island” polygon should be created. In particular, the 

“island” polygon will be surrounded by another polygon, but it will not overlap with the 

polygon it is surrounded by.

This is a very important task. If the subtraction procedure has not been accomplished correctly, 

a false map will be produced during the overlay analysis (e.g. when the bedrock map is overlain 

on the hazard map).

After correcting digitising errors, a topologically correct polygon theme was created, according 

to the principles of “planar enforcement”. Consequently, all lines cross at nodes, all polygons 

are mutually exclusive, no "sliver" polygons or line "overshoots" are present and the total area is 

equal to the sum of all the individual polygon entities (Worboys, 1995).

5) Assign attributes to every polygon

Once the digitising and the correction process were accomplished, each polygon had to be 

assigned a unique value or an attribute. The bedrock geology has been classified into three units 

(Bedrock, Flysch/Foredeep and Quaternary). Therefore, in the shapefile table, each polygon is 

registered as bedrock, flysch/foredeep or Quaternary.

6) Extract hypothetical epicentre localities into UTM coordinates

In order to express each of the epicentres into UTM coordinates a script was run in Arcview that 

create a point in UTM coordinates given the distance and bearing from an existing UTM point 

(e.g. from the northwestern tip of the fault). Script is a component of Arcview project that 

contains Avenue code and can create new functions for specific applications. The input data for 

the script is a txt file that contains the distance and the bearing from an existing UTM point. All 

information concerning the earthquake density along strike each fault accessible as an Excel 

spreadsheet. Additionally, the bearing angle of every fault was calculated and also imported into 

Excel. Therefore, for every fault there is an Excel file incorporating all info concerning the
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earthquake points’ distribution along the strike of the fault trace (their distances from the NW 

tip of the fault) and their bearing. Each file has three columns. In the first column the number of 

each earthquake point is displayed. In the second column the distance of every earthquake point 

from the NW tip of the fault is presented in meters, whereas in the third column the bearing is 

imported. Finally, all Excel files are saved as txt files.

Then, in ArcView, a new point theme is created for every fault and saved as a shapefile. This 

point represents the approximate NW tip of the fault and is displayed in UTM coordinates. After 

importing the appropriate txt file, the script is run separately for every fault. This script is 

written in an avenue code, developed by Mokraoui (2001) (see Appendix C) and it creates a 

point in UTM coordinates given the distance and bearing from an existing point such as the 

approximate northwestern tip of a fault in this example (Fig. 8.4b). Following this process, each 

earthquake point along strike the fault is presented in UTM coordinates. These UTM 

coordinates can be viewed in the appropriate table in Arc View and they are also accessible 

through Excel as a dbf.file.

However, these earthquake points do not represent the epicentres because they are situated on 

the fault trace. Therefore, they have to be relocated 10 km away from the fault trace in the 

hanging wall. This procedure is performed in Excel, using trigonometry (described in Section 

8.5, see also Fig. 8.4). In particular, all UTM coordinates are imported into a new Excel file. 

Herein, it should be noted that all degrees have to be converted to radians first. During this 

process it is important to establish which of the faults dip towards the SW and which towards 

the NE in order to use the appropriate equation. As soon as the new UTM coordinates 

representing the hypothetical epicentres are calculated, they are saved as txt files and imported 

into the Arc/Info.

7) Arc/Info process - Construction of Hazard maps

The Arc/Info GIS package offers the possibility to draw buffers at specific distances around 

features. Buffering is an important analytical technique used to constrain space around 

individual entities (Sakellariou, 2001). Buffer zones in this study were to delimit areas that will 

receive enough energy to shake at intensity IX or VIII, representing isoseismals. At first, a 

coverage of the study area should be inserted into the Arc/Info. However, no coverage was 

available for the region of the southern Apennines. Hence, a shapefile containing the 

coordinates of the study area was produced in Arcview, inserted into the Arc/Info and then was 

converted into a coverage file. Afterwards, the epicentres of every fault were imported as txt 

files. Then, the scrip cbuff.aml was run for every fault. This scrip is written in AML language.
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which is the native programming language of the Arc/Info Workstation GIS software, and was 

developed by Sakellariou (2001) (see Appendix D). This is a multifunctional script that: i) plots 

the epicentres using their UTM co-ordinates obtained from the previous step; ii) produces a 

fixed radius circle buffer around every epicentre; iii) converts them into raster format using a 

100 m cell; iv) assigns a single value to those cells lying within the boundaries of the buffer 

zone and sets a value of zero to all other remaining cells; and v) it sums up all individual layers 

of the same fault to produce a grid layer (Fig. 8.5). As a result, a grid layer for every fault was 

produced. In the final step, all individual fault layers were added up to produce the final grid 

map. This map shows how many times each locality receives enough energy to shake at a 

certain intensity value over the last 18 kyrs assuming an homogeneous bedrock geology. So the 

greater the cell value the more vulnerable the location to perceived earthquakes.

8) Conversion of the bedrock geology layer into grid format

Before overlaying the bedrock geology on the hazard map, the bedrock geology theme has to be 

converted from a vector data model and a shapefile format into grid, through the Arc View 

spatial analyst extension. Overlay analysis is usually easier and faster to implement in a raster 

framework because when working in vector environment overlaying operation includes 

identification of all new intersections and re-establishment of topological relationships, which 

are time and data-storage consumable (Sakellariou, 2001). The pixel size is set again at 100 m in 

order to fit the cell size of the seismic hazard maps.

9) Overlay the bedrock geology layer on the hazard map

The Arc View spatial analyst extension is loaded. The analytical power of Arcview spatial 

analyst lies in its use of map algebra, a mathematical system for comparing different grid 

themes and creating new grids from them according to specific criteria. An appropriate map 

algebra expression is entered in the Map Calculator. Each analytical grid operation produces a 

new output grid, which has the same resolution to the imported grids. Therefore, both grids (the 

hazard and the bedrock geology grid) are imported into the map calculator and a final output 

grid with a spatial resolution of 100 meters is extracted, incorporating the bedrock geology 

information into the hazard map.
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Plot the hypothetical epicentre 
using its x and y UTM co-ordinates

Create a buffer zone using a fixed radius value

Covert the buffer zone into raster format 
with 100m cell size

Use the template to limit the area 
and assign values in the pixels

Add all the grids derived 
from the previous procedure

Figure 8.5 Step by step schematic description of the functions performed by the AML script, 

written by Sakellariou (2001). This script was imported into the Arc/Info and executed 

separately for every fault (Sketch modified from Sakellariou 2001).
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8.7 SUMMARY

In this chapter the application of GIS technology in seismic hazard analysis has been presented 

and several processes such as adding, manipulating and analysing data have been described. The 

GIS offers greater power for manipulation and analysis of data, than have been available 

manually, extending several applications and capabilities compared to the technique used in 

Chapter 6 and provides higher accuracy and higher spatial resolution. Following an overview of 

the GIS and an introduction of the GIS structure, the input data as well as the parameters and the 

empirical relationships used for the construction of seismic hazard maps in the southern 

Apennines have been presented. Additionally, in order to obtain better results within the GIS, 

some of the methodologies described in Chapter 6, were further evolved and modified. Finally, 

a step-by-step procedure has been presented offering a complete view and an in-depth 

description of the GIS application in the southern Apennines.
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CHAPTER 9 - SEISMIC HAZARD MAPS FOR CAMPANIA-IRPINIA- 

BASILICATA, SOUTHERN APENNINES

9.1 INTRODUCTION

A large number of different types and forms of seismic hazard maps are presented in this 

chapter that incorporate several scenarios and different input parameters for the region of 

southern Apennines. In Section 9.2, two maximum expected intensity seismic hazard maps are 

presented, based on different attenuation/amplification relationships. In Section 9.3, several 

quantitative seismic hazard maps are presented. In particular, in Section 9.3.1 hazard maps show 

the expected frequency of shaking over 18 kyrs, based on measured throw-rate data for: i) 

intensity IX (assuming an homogeneous bedrock geology), ii) intensity VIII (assuming an 

homogeneous bedrock geology), iii) intensity X, IX and VIII (by incorporating three different 

attenuation/amplification scenarios). In Section 9.3.2, a hazard map based on predicted throw- 

rate data for intensity IX is also presented and compared with the measured throw-rate hazard 

map. In Section 9.4, a sensitivity analysis is performed in order to evaluate how the dimensions 

of modelled isoseismals impact on the hazard pattern. In Section 9.5 an extensive discussion is 

offered concerning the hazard maps presented in the previous sections. Then, in Section 9.6 

these hazard maps that represent the long-term frequency shaking record, are compared with the 

historical record to estimate whether short-term datasets are in agreement with longer-term 

datasets and discuss possible implications. Finally, the conclusions are presented in Section 9.7.

9.2 MAXIMUM INTENSITY SEISMIC HAZARD MAPS

The maps in this section show which locations are expected to experience high or low 

intensities, but without specifying the possibility or probability of the assessment. These maps 

are produced using only the locations of active faults and the bedrock geology. Therefore, no 

throw-rate data are required for their construction. These maps are useful because they can 

delineate areas that could experience severe shaking, from other areas which are situated further 

away from active faults and/or founded on bedrock, implying that they should experience less 

damage.

In the southern Apennines, two different scenarios of maximum shaking intensity seismic 

hazard maps have been portrayed, based on different attenuation/amplification relationships. In
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the first scenario, flysch/foredeep deposits and the Quaternary sediments are classified in the 

same unit, whereas in the second scenario the Quaternary sediments experience one shaking 

intensity magnitude more near the epicentral area than the flysch/foredeep deposits.

Figure 9.1 shows the maximum expected intensity map, by using a circle diameter of 25 km for 

an energy level capable of producing shaking at intensities >IX and a circle diameter of 50 km 

for those capable of producing shaking at intensities >VIII (see Sections 6.4.2 and 8.4) and 

assuming that a Mesozoic-Neogene limestone site experiences one shaking intensity magnitude 

less than the flysch or Quaternary sites.

In the second map (Fig. 9.2), the input isoseismal dimensions remained the same, but the 

Quaternary sediments have been differentiated from the flysch/foredeep deposits. In such a map, 

it is assumed that a Mesozoic-Neogene limestone site located within 12.5 km from the 

epicentre, will experience one single shaking intensity magnitude less than the Neogene 

Flysch/foredeep deposits and two single shaking intensity magnitudes less than the Quaternary 

sediments. Therefore, Quaternary sites, located within 12.5 km from the epicentre, will 

experience maximum intensity X, whereas bedrock sites will experience maximum intensity

VIII.

9.3 QUANTITATIVE - FREQUENCY OF SHAKING SEISMIC HAZARD MAPS

9.3.1 MAPS FROM MEASURED THROW-RATE DATA

Several types of seismic hazard maps are presented in this section, incorporating several 

scenarios. In Sections 9.3.1.1 and 9.3.1.2, seismic hazard maps show the frequency of shaking 

over 18 kyrs for intensities IX and VIII respectively, assuming homogeneous bedrock geology. 

In Section 9.3.1.3, the final seismic hazard maps are presented, examining not only three 

different attenuation/amplification scenarios, but also integrating frequency data from different 

macroseismic intensity values into a single map.

9.3.1.1 Intensity IX map

Figure 9.3 shows how many times a locality could receive energy levels capable of producing 

shaking at intensity IX or higher, assuming homogeneous bedrock geology, a circular pattern of 

energy release and 12.5 km radius of isoseismal IX. This is the same as that for Figure 7.2 in
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Figure 9.1 Map showing the first scenario of maximum expected shaking intensity, assuming 

that a Mesozoic-Neogene limestone site experiences one shaking intensity magnitude less 

than the flysch/foredeep or the Quaternary sites. The maximum intensity locations are defined 

by their proximity to the nearest active fault and the local bedrock geology. A circle diameter 

of 25 km has been used for an energy level capable of producing shaking at intensities ^IX 

and a circle diameter of 50 km for shaking at intensities ^VIII.
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Figure 9.2 Map showing the second scenario of maximum expected shaking intensity 

assuming that a Mesozoic-Neogene limestone site located within 12.5 km from the epicentre, 

will experience one single shaking intensity magnitude less than the Neogene Flysch/foredeep 

deposits and two single shaking intensity magnitudes less than the Quaternary sediments. 

Isoseismal dimensions are the same as Figure 9.1.
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Figure 9.3 Map showing how many times a locality receives enough energy to shake at 

intensities ^IX in 18 kyrs, assuming homogenous bedrock geology, a circular pattern of 

energy release and a 12.5 km radius of isoseismal IX. VF - Volturara Fault; IrF - Irpinia Fault; 

AntlrF - Antithetic Irpinia Fault; SGrF - San Gregorio Fault; AIF - Albumi Fault; VDF - 

Vallo di Diano Fault; VAF - Val' D Agri Fault; MaF - Maratea Fault; MAF - Monte Alpi 

Fault; MeF - Mercure Fault; PF - Pollino Fault (see also Fig. 5.1).
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Lazio-Abnizzo. Areas of high shaking frequency are observed towards the centre of the fault 

array, where the fastest slipping faults are located. In particular, the area of highest shaking 

frequency is located in the hangingwall centre of the Val’ D’ Agri fault, which will receive 

enough energy to shake at intensity IX or higher up to 36 times in 18 kyrs. The Val’ d’ Agri 

fault is the fastest slipping fault in southern Apennines (0.83 ± 0.17 mm/yr. Table 5.2).

Other relatively high shaking frequency areas that could receive enough energy to shake at 

intensity IX or higher more than 30 times in 18 kyrs, are observed in the southeastern section of 

the Vallo di Diano fault hangingwall and in the common hangingwall area of the Albumi and 

the San Greogrio faults. This occurs because the southeastern part of the Vallo di Diano fault 

hangingwall receives enough energy for intensity IX shaking not only from the Vallo di Diano 

fault, but also from the Val' D' Agri fault, whereas the other peak area in the hangingwall of the 

Albumi fault is attributed to the combined effect of the Albumi fault, the San Gregorio fault and 

the northwestem part of the Vallo di Diano fault.

On the other hand, the hangingwall centres of the Volturara and the Pollino distal faults will 

shake only about 10-15 times at intensities >IX. This occurs because these localities will receive 

enough energy to shake at intensities >IX in 18 kyrs from only one low throw-rate fault (Pollino 

0.3 mm/yr; Volturara 0.3 mm/yr).

It is interesting to note that there is a two to three fold increase in the specific fault throw-rate 

values from distal (0.3 mm/yr) to central faults (0.83 mm/yr), which is consistent with the 

increase in hazard between distal (10-15 times) and central faults (30-35 times).

9.3.1.2 Intensity VIII map

Figure 9.4 shows the frequency of shaking for intensity VIII assuming homogeneous bedrock 

geology, a circular pattem of energy release and a 25 km radius for the VIII isoseismal. The 

area affected by intensity VIII is significantly larger compared to the area affected by intensity

IX. The same is tme for the frequency of events observed in Figure 9.4 (maximum value of 84) 

in comparison to Figure 9.3 (maximum value of 36). Nevertheless, these observations are 

expected since larger isoseismal dimensions have been applied, producing more overlaps.

The highest hazard is observed in the centre of the fault array (which receives enough energy to 

shake at intensity VIII or higher about 80 times) and decreases smoothly towards the tips of the 

array (about 20-30 times). In particular, the area of highest hazard (highest value is 84) is
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Figure 9.4 Map showing how many times a locality receives enough energy to shake at 

intensities ^VIII in 18 kyrs, assuming homogenous bedrock geology, a circular pattem of 

energy release and a 25 km radius of isoseismal VIII.
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observed in the stepover between the Vallo di Diano and the Maratea faults. Overall, the area 

near centrally located faults, such as the Vallo di Diano fault, the Val' Agri fault, the footwall of 

the Maratea fault, and the hangingwall of the Monte Alpi fault will receive enough energy to 

shake at intensity VIII or higher more than 50 times in 18 kyrs. This occurs because modelled 

isoseismals from neighbouring faults overlap and areas of high hazard result from the combined 

effect of different faults. Finally, there is a two to three fold increase in the specific fault throw- 

rate values from distal (0,3 mm/yr) to central faults (0,83 mm/yr), which is in agreement with 

the increase in hazard between distal (20-30 times) and central faults (60-80 times).

9,3,1,3 Final hazard maps attenuated/amplified with bedrock geology

These maps (Fig, 9,5, Fig, 9,6, Fig, 9,7, Fig, 9,8, Fig, 9,9) are a combination of the previous 

hazard maps (Fig, 9,1, Fig, 9,2, and Fig, 9,3, Fig, 9,4) and show how many times a locality will 

shake at intensities >1X or >V111 in 18 ka, considering the bedrock spatial distribution. In the 

southern Apennines three scenarios were examined.

In the first scenario, flysch and Quaternary deposits were classified in the same group similar to 

the scenario presented in Lazio-Abruzzo (Fig, 7,4), Figures 9,5 and 9,6 follow this scenario and 

show the number of times a locality receives enough energy to shake at intensities >1X and 

>V111 in 18 kyrs, respectively. Figure 9,7 is a new type of hazard map, which combines the 

previous two maps (Fig, 9,5, Fig, 9,6) and offers most of their essential information into a single 

map. In this map a locality shakes at intensity: i) IX if located within 12,5 km from the epicentre 

and lies on Quaternary or Flysch/foredeep deposits; ii) Vlll if founded on bedrock and located 

within 12,5 km from the epicentre, or founded on Quaternary/Flysch deposits and located 

between 12,5 and 25 km from the epicentre, and iii) Vll if founded on bedrock and located more 

than 12,5 km from the epicentre or founded on Quaternary/Flysch deposits and situated more 

than 25 km from the epicenter. In conclusion, this map shows the frequency of events not only 

for intensity IX, but for intensity Vlll as well. It should be noted that, for practical reasons, this 

map cannot make use of all the information obtained from the previous two maps (Fig, 9,5, Fig, 

9,6), therefore it cannot replace them entirely. For example, if one wants to obtain the frequency 

of events for intensity Vlll in a locality that will shake at intensity IX in Figure 9,7, inevitably 

one has to observe Figure 9,6 again.

In a second scenario (Fig, 9,8), flysch and bedrock were grouped together, thus only localities 

that lie on Quaternary sediments are susceptible to shaking at intensity IX or higher. Figure 9,8
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Figure 9.5 Map showing how many times a locality receives enough energy to shake at 

intensities > IX in 18 kyrs, assuming a simple attenuation/amplification function where 

bedrock Mesozoic-Cenozoic limestones shake at a single intensity value less than the 

Quaternary/flysch/foredeep deposits at the same epicentral distance.
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Figure 9.6 Map showing how many times a locality receives enough energy to shake at 

intensities ^VIII in 18 kyrs, assuming a simple attenuation/amplification function where 

bedrock Mesozoic-Cenozoic limestones shake at a single intensity value less than the 

Quatemary/flysch/foredeep deposits at the same epicentral distance.
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Figure 9.7 A new type of seismic hazard map, which combines Figures 9.5 and 9.6, showing 

how many times a locality receives enough energy to shake at its maximum expected intensity 

(IX or Vlll) in 18 kyrs.
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Figure 9.8 Map showing how many times a locality receives enough energy to shake at 

intensities ^IX in 18 kyrs, assuming that only localities lying on Quaternary sediments are 

susceptible of shaking at such intensity levels.
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Figure 9.9 A new type of seismic hazard map that integrates frequency data from three 

different macroseismic intensity values. It shows how many times a locality receives enough 

energy to shake at the maximum expected intensity (X, IX or VIII) in 18 kyrs. In this 

scenario, if three localities that are founded on three different geological units are equidistant 

and located within 12.5 km from the epicentre, the locality that lies on bedrock will shake at 

intensity VIII, the locality that lies on flysch/foredeep will shake at intensity IX and the 

locality that lies on Quaternary will shake at intensity X.
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incorporates this scenario, which can be characterised as the best-case scenario, because the 

areas affected by intensity IX or higher are significantly reduced.

In the final scenario, an amplification function has been used, which produces three different 

shaking intensity levels; one for the bedrock, one for the Flysch/foredeep deposits and another 

one for the Quaternary sediments. In this scenario, if three different localities that are founded 

on three different geological units are equidistant and located within 12.5 km from the epicentre, 

the locality that lies on bedrock will shake at intensity VIII, the locality that lies on flysch will 

shake at intensity IX and the locality that lies on Quaternary will shake at intensity X. This 

scenario can be characterised as the worst-case scenario as it maximises the area capable of 

shaking at intensities >IX and is displayed in Figure 9.9. This is also a new type of hazard map 

that integrates frequency data from three different macroseismic intensity values into a single 

map.

9.3.2 MAPS FROM PREDICTED THROW-RATE DATA

Figure 9.10 shows how many times a locality could receive energy levels capable of producing 

shaking at intensities >IX in 18 kyrs by using predicted throw-rate data. Predicted throw-rates 

were calculated from the equation E = 2Ri/Li and are presented in Table 5.3. This map also 

assumes homogenous bedrock geology, a circular pattem of energy release and a 12.5 km radius 

of isoseismal IX. In Chapter 5, it has been demonstrated that measured throw-rates correlate 

well with predicted throw-rates (Fig. 5.23, R^=0.7). Accordingly, the map from predicted throw- 

rate data (Fig. 9.10) shows very similar patterns of shaking frequency to the map of measured 

throw-rate data (Fig. 9.3).

In particular, the areas of highest hazard are also observed: i) in the hangingwall centre of the 

Val' D' Agri fault, which receives enough energy to shake at intensities >IX, 35-40 times in 18 

kyrs; ii) in the southeastern hangingwall section of the Vallo di Diano fault where the highest 

frequency value (41) is extracted, and iii) in the common hangingwall area of the Albumi and 

the San Gregorio faults. Additionally, the hangingwall centres of the Volturara and Pollino 

faults exhibit similar frequency values (10-15 times) to the measured throw-rate hazard map.

In order to map the differences observed between measured (Fig. 9.3) and predicted (Fig. 9.10) 

hazard maps and present them in a more understandable way, predicted throw-rate frequency 

values were subtracted from measured throw-rate frequency values (Fig. 9.11). The main 

difference between the measured and predicted maps is observed in the hangingwall of the
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Figure 9.10 Map showing how many times a locality receives enough energy to shake at 

intensities ^IX in 18 kyrs based on predicted throw-rate data and assuming homogenous 

bedrock geology, a circular pattern of energy release and a 12.5 km radius of isoseismal IX. 

(for fault names see Fig. 9.3 or Fig. 5.1).
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Figure 9.11 Map showing the differences in frequency values between measured throw-rate 

and predicted throw-rate hazard maps, by subtracting predicted frequency values from 

measured frequency values. Thus, positive frequency values represent localities where the 

measured hazard map calculates more events than the predicted hazard map, whilst negative 

values represent localities where the predicted map calculates more events than the measured 

hazard map (for fault names see Fig. 9.3 or Fig. 5.1).
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Vallo di Diano fault (Fig. 9.11). The predicted throw-rate map calculates a higher frequency of 

events (35-40 times in 18 kyrs), compared to that of the measured throw-rate map (25-30 times 

in 18 kyrs). This is because scaling relationships predict a higher throw-rate (0.80 mm/yr) on the 

Vallo di Diano fault compared to the measured throw-rate value (0.54 mm/yr). Therefore, the 

Vallo di Diano fault contributes 43 events in the predicted throw-rate map and 29 events in the 

measured throw-rate map, producing a deficit of 10-12 events in Figure 9.11. It is remarkable 

that difference in throw-rate of only 0.26 mm/yr can make such a difference in implied shaking 

frequencies and illustrates how sensitive shaking hazards are to throw-rates.

Other smaller differences are observed, in the hangingwall centres of the Monte Alpi and the 

Irpinia faults (Fig. 9.10, Fig. 9.11). In particular, there is a deficit of about 5 events between the 

measured and the predicted hazard maps in the hangingwall centre of the Monte Alpi fault. This 

is due to differences between the measured (0.55 mm/yr) and the predicted throw-rate values 

(0.7 mm/yr) of the Monte Alpi fault. On the other hand, the measured hazard map calculates a 

higher frequency of events (about 20 times in 18 kyrs) towards the southeastern hangingwall 

section of the Irpinia fault, compared to the lower frequency of the predicted map (about 15 

times in 18 kyrs). This surplus of about 5-6 events in Figure 9.11, occurs because the Irpinia 

antithetic fault, which contributes 4 events in the measured map, has not been considered as an 

active fault in the predicted hazard map. This is due to the uncertainties involved, considering 

its activity status and length. The Irpinia antithetic fault is not a major fault (thus it has been 

excluded from the equation calculation) and its contribution to the overall hazard (only 4 events 

in 18 kyrs) can be considered as insignificant.

9.4 SENSITIVITY ANALYSIS

A sensitivity analysis was carried out to determine the way different isoseismal dimensions 

influence the shaking frequency maps. As a result, a new shaking frequency map has been 

constructed (for comparison with Fig. 9.3) by increasing the dimensions of isoseismal IX from a

12.5 km radius to a 20 km radius (Fig. 9.12); this is probably an extreme upper value for a 

Ms=6.5 earthquake in the southern Apennines (see Section 8.4.2). Several interesting features 

appear.

Firstly, by implementing larger dimensions for the intensity IX isoseismals the affected area, as 

expected, has been enlarged, implying that the maximum intensity hazard maps (e.g. Fig. 9.1, 

Fig. 9.2) should be modified accordingly. The area of highest shaking frequency is now 

observed in the stepover between the Vallo di Diano and the Maratea faults (compare with Fig.
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Figure 9.12 Map showing how many times a locality receives enough energy to shake at 

intensities ^IX in 18 kyrs, assuming homogenous bedrock geology, a circular pattern of 

energy release and a 20 km radius of isoseismal IX that can be characterised as an extreme 

upper value for a Ms=6.5 earthquake in southern Apennines.
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9.3) and will receive enough energy to shake at intensity IX or higher, more than 60 times in 18 

kyrs (the highest value is 63). It is interesting to note that this area is located between the 

maxima of intensity IX (hangingwall centre of the Val' D' Agri fault) and the maxima of 

intensity VIII and in particular closer to the intensity VIII maxima. However, this comes as no 

surprise because the dimensions of circular isoseismals used for this analysis (20 km radius), lie 

within the range of the dimensions used for the intensity IX (12.5 km) and VIII (25 km) hazard 

maps of the previous section.

In order to: i) quantify the differences in terms of frequency of earthquake shaking between 

Figures 9.3 and 9.12, and ii) delineate how these differences are distributed spatially; a third 

map has been constructed and presented in Figure 9.13. Figure 9.13 maps the differences by 

subtracting the shaking frequency map constructed with a 12.5 km radius of isoseismal IX from 

the shaking frequency map constructed using a 20 km radius of isoseismal IX.

The highest difference is observed in the area of the stepover between the Vallo di Diano and 

the Maratea faults, where more than 50 additional events (up to 58) are calculated (Fig. 9.13). 

This is a substantial ten fold increase between the hazard map constructed using a 12.5 km 

radius of isoseismal IX and the map constructed with a 20 km radius of isoseismal IX. 

Therefore, the larger the dimensions of modelled isoseismals are, the more significant is the 

combined effect of different faults to the hazard pattern. In particular, when using a 12.5 km 

radius of isoseismal IX, the stepover between the Vallo di Diano and the Maratea faults, could 

receive enough energy to shake at intensities >IX only from a limited number of earthquakes 

generated from the southeastern and the northwestern tips of the Vallo di Diano and the Maratea 

faults, respectively. However, when applying a 20 km radius of isoseismal IX, this area receives 

enough energy to shake at intensities >IX from: i) almost half of all the earthquakes generated 

from the Vallo di Diano fault, ii) more than half of all the earthquakes generated from the 

Maratea fault, iii) many earthquakes generated from the centre of the Val' D' Agri fault and iv) 

several earthquakes generated from the northwestern part of the Monte Alpi fault.

The footwalls of several faults (Val' D' Agri, Monte Alpi, Maratea, Vallo di Diano, Irpinia) 

receive more than 20 additional events. When using a 12.5 km radius of isoseismal IX, only 2.5 

km of the radius, actually covers the footwall of the fault, but when applying a 20 km radius, up 

to 10 km of the radius covers the footwall of the fault. Thus, modelled isoseismals in Figures 

9.12 and 9.13, extend up to 7.5 km into the faults' footwalls. Therefore, by implementing larger 

isoseismal dimensions, the affected area expands significantly towards the footwall localities. 

However, footwall localities are usually founded on bedrock, thus they will probably not shake
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at intensity IX, implying that the hazard pattern would not be affected as drastically as first 

thought. Nevertheless, the 20 km radius isoseismals also extend up to 7.5 km into the 

hangingwall localities compared to the 12.5 km radius isoseismals. Thus, in Figure 9.13, 

hangingwall localities that are founded on flysch or Quaternary sediments such as the Vallo di 

Diano basin, the NW part of the Val' D' Agri basin and the Maratea valley, will experience a 

significantly higher frequency of events (more than 20), implying that the hazard pattern will be 

affected considerably. On the other hand, other localities such as the hangingwall centres of the 

Val' D' Agri, the Monte Alpi and the San Gregorio faults, will receive less than 10 additional 

events.

When applying a 20 km radius, each isoseismal occupies 156% more area compared to the area 

covered by a 12.5 km radius isoseismal. Even though there is a 156% increase in the area 

occupied by every isoseismal (1256 km^ instead of 491 km^), there is a 75% increase in the 

maximum frequency value (63 instead of 36). Hence, it should be noted that this increase of 

frequency values is not distributed uniformly in the study area. For example, in the stepover of 

the Vallo di Diano and the Val' D' Agri faults, there is almost a ten fold increase (1000%) in 

frequency values, whereas in other areas such as the hangingwall centres of the Val' D' Agri, the 

Monte Alpi and the San Gregorio faults there is only a 10-25% increase. Therefore, it is clear 

that by extrapolating the 156% increase of the area affected from a single isoseismal, uniformly 

to the entire map, a false hazard map will be produced. The latter implies that no such 

extrapolation should be attempted.

In conclusion, seismic hazard maps are highly sensitive to the input dimensions of modelled 

isoseismals. Sensitivity analysis also illustrates that by modifying the dimensions of the 

isoseismals, frequency values are altered in a non-spatially uniform way. It is useful to run a 

sensitivity analysis so as to define which locations will be influenced the most and thus obtain a 

complete view of the modifications induced to the final results by using different input 

parameters.

9.5 DISCUSSION

The maps presented in this chapter demonstrate that geological data can provide not only a map 

of maximum expected intensities (Fig. 9.1, Fig. 9.2), but also a quantitative estimation of 

shaking frequency by incorporating fault throw-rate data (Fig. 9.3, Fig. 9.4, Fig. 9.5, Fig. 9.6, 

Fig. 9.7, Fig. 9.8, Fig. 9.8, Fig. 9.9, Fig. 9.10 and Fig. 9.12). These maps offer a complete record 

of shaking frequency and a high spatial resolution that cannot be achieved by the traditional

306



Chapter 9

seismic hazard maps, which are based on historical/instrumental seismicity data. The historical 

record confirms surface ruptures only for the Irpinia fault, the San Gregorio fault (e.g. 

Westaway and Jackson, 1984) and possibly for the Val' D' Agri fault (Benedetti et al., 1998) 

(Section 5.3.1.3.6). Thus, it is clear that the historical record does not include rupture of every 

fault in the region for which post-glacial surface fault slip has been demonstrated. For example, 

low throw-rate faults such as the Volturara (0.3 mm/yr), the Pollino (0.3 mm.yr) and the Albumi 

(0.39 mm/yr) faults would take about 1670, 1560, and 1550 years respectively, to accumulate 

enough elastic energy to produce a M=6.5 event if that event is 1 m of slip. These are the mean 

recurrence rates without considering any clustering or anticlustering periods (see below in 

Section 9.6) that could reduce or extend these time intervals. However, the historical record is 

regarded as complete for large surface faulting events for only the last 442 years, implying that 

most of the faults have not ruptured in the time interval covered by the historical record. 

Therefore, the historical record provides insufficient temporal and spatial coverage of the hazard 

pattern. Following these remarks, it is argued that the only way to realistically quantify hazard 

in the southern Apennines is to extend the observation period so as to include numerous slip- 

increments at every location (Roberts et al., in press). This has been achieved by using 

geological fault throw-rate data that provide a higher spatial resolution of shaking frequency 

compared to hazard maps based on historical earthquake catalogues which show a uniform high 

hazard in the northwestern part of the study area (Irpinia, Northern Basilicata) and a uniform 

low hazard in the southeastern part (Pollino, southern Basislicata) (e.g. Slejko et al., 1998). The 

high resolution depends on assumptions concerning the diameter of modelled isoseismals (see 

previous section).

Figures 9.7 and 9.9 show another pioneering type of seismic hazard map developed in this 

study, which integrates frequency data from two or three different macroseismic intensity values 

into a single map. These maps not only show the maximum shaking intensity that a locality will 

experience after attenuating/amplifying with the bedrock geology, but also the frequency of 

events at the same locality. However, for practical reasons, these maps can display only the 

frequency of the maximum intensity value that a locality will experience, thus offering 

information on the most hazardous scenario. These maps demonstrate the power and capabilities 

of the GIS.

It is interesting to note that the area of highest shaking frequency for intensity IX does not 

coincide with the area of highest shaking frequency of intensity Vlll. Figure 9.14a shows the 

spatial distribution of the upper 5% of the frequency values observed for intensity IX and Vlll. 

The shaking frequency peak for intensity Vlll is located 20 km southwest from the intensity 

shaking frequency peak locality. This inconsistency is also evident in the upper 10 % and 20%
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of the frequency values (Fig. 9.14b). The maximum frequency values for intensity IX are 

observed in the hangingwall centres of faults (Val' D' Agri, Albumi, San Gregorio faults), 

whereas the maximum frequency values for intensity VIII are mainly concentrated in the 

stepover of the Maratea and the Vallo di Diano fault, close to the geographical centre of the 

fault array. This can have important implications for the insurance industry, which in general 

receives more claims for intensity VIII than intensity IX damages. Thus, for example the 

insurance damages for intensity VIII in the stepover zone between the Maratea and the Vallo di 

Diano fault could be significantly greater than the damages for intensity IX at the same locality 

in given time period (e.g. 18 kyrs).

Overall, a different picture emerges for intensity VIII compared to intensity IX shaking 

frequency maps. Most of the shaking frequency peak areas concerning intensity IX, are 

attributed to short recurrence intervals calculated for active faults such as the Val' D' Agri, the 

Vallo Di Diano, the Maratea and the Monte Alpi faults and relatively few examples of hazard 

peaks result from the combined effect of different faults such as the common hangingwall area 

of the Albumi and the San Gregorio faults (in contrast to Lazio-Abmzzo, Section 7.4). The 

shaking frequency pattem in the intensity IX map mainly reflects the fault specific throw-rates 

(Fig. 9.3). Indeed, the shaking frequency is higher in the hanging-wall centres of faults and it 

decreases towards the fault tips and the stepover zones, following a similar fault specific throw- 

rate trend as demonstrated in Chapter 5.

As far as the intensity VIII map is concemed, shaking frequency peaks mainly result from the 

combined effect of different faults. The highest shaking frequency is observed at the centre of 

the fault array, decreasing smoothly towards the tips. By implementing larger isoseismal 

dimensions, modelled isoseismals from neighbouring along strike located faults overlap, 

generating higher shaking frequency values in the geographical centre of the fault array. Thus, 

shaking frequency is widely distributed and it is not solely controlled by a single fault. 

Therefore, the influence that individual faults have on the shaking frequency, cannot be traced 

on the map (Fig. 9.4) because the hazard pattem is produced by the combined effect of different 

faults.

There is a 2-3 fold increase in the maximum fault specific throw-rates from distal to central 

faults and a similar increase in shaking frequencies both for intensity IX (with a 12.5 and 20 km 

radius. Fig. 9.3, Fig. 9.12) and intensity VIII (Fig. 9.4) shaking frequency maps. This is a 

different pattem compared to Lazio-Abmzzo. In Lazio-Abmzzo, there is a six fold increase in 

the maximum fault specific throw-rates from distal to central faults, but a 12 fold increase in 

shaking frequency. This is due to the different fault geometries between central and sou them
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Apennines. In particular, in Lazio-Abmzzo there is a low across strike fault spacing, thus faults 

are widely distributed over short distances and modelled isoseismals from neighbouring across 

strike located faults overlap, increasing the shaking frequency. In the southern Apennines, the 

fault array is highly localised. Therefore, faults that are located across strike contribute less to 

the site specific shaking frequency. As a result, the shaking frequency maps produced in the 

southern Apennines mainly reflect the fault specific throw-rates and are considered as more 

predictable and less complex compared to the hazard maps in Lazio-Abmzzo. The latter 

highlights once again the influence of fault geometry on the shaking frequency pattem.

An abmpt variation of shaking frequency values over short distances is evident in some regions 

(particularly in the intensity IX hazard map), which results in an artificial discontinuity in the 

hazard map (e.g. Fig. 9.3, every fault produces shaking frequency values which are bordered E- 

W by two imaginary straight lines parallel to the linear fault trace). These undesirable edge 

effects result from the overlay of discrete objects and delineate the isoseismal boundaries. 

However, these edge effects are common features in most seismic hazard maps (e.g. Frankel, 

1995). These edge effects are more clearly manifested in southern Apennines compared to 

Lazio-Abmzzo. This occurs for three reasons. Firstly, a finer grid has been used in southern 

Apennines, increasing the spatial resolution. Secondly, the diffusion of isoseismals (IX in 

particular) in the southern Apennines is limited. In Lazio-Abmzzo, the hazard pattem results 

from the combined effect of several faults, implying that isoseismals are scattered, therefore, 

edge effects are less distinctive. Thirdly, in Lazio-Abmzzo faults were modelled as curved lines, 

whereas in the southern Apennines faults were approximated as straight lines.

All shaking frequency maps show anticipated intensities and can be easily transformed into 

maps showing the recurrence intervals of certain localities. Therefore, they offer a locality 

specific shaking recurrence record rather than a fault specific record. The recurrence interval for 

intensity IX or higher is estimated to be as short as 500 yrs for localities in the centre of the Val' 

D' Agri fault and as long as 1800-3600 yrs in the hangingwall centres of the Pollino and the 

Volturara faults. Additionally, the recurrence interval for intensity Vlll or higher is estimated to 

be as short as 215 years in the stepover of the Vallo di Diano and the Maratea faults, and as long 

as 600-900 years in the hangingwall centers of the Pollino and the Volturara faults. These maps 

can be used, in combination with the historical record, to calculate conditional probabilities for 

short time periods. In Chapter 10, conditional probabilities have been calculated, based on these 

recurrence interval values and the historical record.

Sensitivity analysis outlines the contribution of different isoseismal dimensions of the hazard 

model to the final results. As expected, results are significantly influenced by assumptions made
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concerning the selected intensity radius. Thus, in several localities the recurrence intervals for 

intensity IX change significantly, when applying a 20 km radius of isoseismal IX. For example. 

Table 9.1 shows the differences in frequency values for 24 towns that are displayed in Figure 

9.15.

Some significant variations are observed. For example, in some localities frequency values are 

increased as high as 350% (Sanza), whereas others are increased only by 29% (Buccino) and 

others are not influenced because they are founded on bedrock (Montella) and/or are situated 

more than 20 km away from any epicentre (Salerno). An extreme example is observed in the 

stepover of the Vallo di Diano and the Maratea faults where the recurrence interval is estimated 

to be as short as 285 years in Figure 9.12 and as long as 1800-3600 yrs in Figure 9.3. However, 

in other localities such as the hangingwall centres of the Val' D' Agri and the San Gregorio 

faults recurrence intervals are increased only by 10-25%. Therefore, in some localities 

frequency values are slightly modified, whilst in others there is a dramatic change that can 

influence recurrence intervals in a significant way.

There is little difference between the map constructed from measured throw-rate data as 

opposed to the map constructed from predicted throw-rate data (Fig. 9.11). Therefore, maps that 

are produced from two independent data sources are similar to each other. This similarity 

provides more confidence to the described deformation rate pattem, and thus to the seismic 

hazard assessment of the study area. The good agreement between measured and predicted rates 

of deformation in this study also implies that 18 ka may be long enough to include slip- 

increments at every location along the fault system (e.g. Roberts et al., in press).

Table 9.2 shows the differences in frequency values between measured throw-rates (Fig. 9.15) 

and predicted throw-rates (Fig. 9.10) hazard maps for 24 towns displayed in Figure 9.15. With 

the exception of the town of Sanza (there is a difference of 75%) the differences in all other 

towns do not exceed 35% of the measured values. By comparing Tables 9.1 and 9.2, it is 

evident that the assumptions made concerning the selected intensity radius have a significantly 

higher effect on the final results than the choice made between measured and predicted throw- 

rate values.

Thus, changing isoseismal dimensions has a greater effect on shaking frequencies (up to 350% 

increase) than the implied uncertainty in throw-rates (up to 75% decrease).

These hazard maps do not take account of any possible earthquakes that are not related to the 

active faults presented in Chapter 5; possible alternative seismic sources are volcanism related
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Table 9.1
Town

(see also 
Fig. 9.15)

Number of 
times in 
18 kyrs 

assuming a 
12.5km 
radius 

(Fig. 9.3)

Number of 
times in 
18 kyrs 

assuming a 
20 km 
radius 

(Fig. 9.12)

Sensitivity 
analysis 

Additional 
events 

(see also 
Fig. 9.13)

Increase 
in %

Normalised 
values from 

Fig. 9.12 
assuming a 20 km 

radius of 
isoseismal IX

In 442

yrs

In 654

yrs

Buccino 28 36 8 29 1 1
Balvano 12 30 18 150 1 1
Padula 31 58 27 87 1 2
Atena

Lucana 20 46 26 130 1 2
Tito 0 3 3 N.P. 0 0

Salerno 0 0 0 N.P 0 0
Potenza 0 0 0 N.P. 0 0

Sicignano 
degli Albumi 25 36 11 44 1 1

Eboli 0 2 2 N.P. 0 0
Cassano alio 

lonio 3 9 6 200 0 0
Maratea 18 45 27 150 1 2
Laino

Gastello 18 28 10 56 1 1
Rotonda 13 22 9 69 1 1

Castrovillari 12 27 15 125 1 1
Sant'

Arcangelo 0 0 0 N.P. 0 0
Montemurro 8 23 15 188 1 1

Sanza 8 36 28 350 1 1
Lagonegro 18 40 22 122 1 1

Lauria 20 40 20 100 1 1
Lioni 23 32 9 39 1 1
Teora 23 31 8 35 1 1

Viggiano 21 33 12 57 1 1
Montella 0 0 0 N.P. 0 0

Polla 15 48 33 220 1 2
TOTAL 316 625 309 98 17 21

Table 9.1 shows the differences in frequency values between the hazard map constructed using 

a 12.5 km radius of isoseismal IX (Fig. 9.3) and the hazard map constructed using a 20 km 

radius of isoseismal IX (Fig. 9.12) for 24 towns displayed in Figure 9.15. (N.P. means not 

possible to extract an increase in %). The last column refers to Section 9.6. In this column the 

average frequency numbers observed over 18 kyrs are normalised to 442 and 654 years, 

assuming that the long-term record of shaking is representative of shorter time periods, so as to 

compare them with the historical record (see also Table 9.3 and Figure 9.17f).
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Table 9.2
Tovt̂ n

(Fig. 9.15)
Number of 

times in 
ISkyrs 
from 

measured 
throw-rate 

data in 
Figure 9.15

Number of 
times in 
ISkyrs 
from 

predicted 
throw-rate 

data in 
Figure 9.10

Measured 

- (minus) 

Predicted

Normalised values 

from predicted 

throw-rate data

In
values

In % In 442 yrs In 654 yrs

Buccino 28 29 -1 -4 1 1
Balvano 12 12 0 0 0 0
Padula 31 34 -3 -10 1 1

Atena Lucana 20 26 -6 -30 1 1
Tito 0 0 0 0 0 0

Salerno 0 0 0 0 0 0
Potenza 0 0 0 0 0 0

Sicignano degli 
Albumi 25 28 -3 -12 1 1
Eboli 0 0 0 0 0 0

Cassano alio 
lonio 3 3 0 0 0 0

Maratea 18 20 -2 -11 1 1
Laino Gastello 18 19 -1 -6 0 1

Rotonda 13 16 -3 -23 0 1
Castrovillari 12 10 2 17 0 0

Sant' Arcangelo 0 0 0 0. 0 0
Montemurro 8 8 0 0 0 0

Sanza 8 14 -6 -75 0 1
Lagonegro 18 22 -4 -22 1 1

Lauria 20 25 -5 -25 1 1
Lioni 23 18 5 22 0 1
Teora 23 18 5 22 0 1

Viggiano 21 23 -2 -10 1 1
Montella 0 0 0 0 0 0

Polla 15 20 -5 -33 1 1
TOTAL 316 345 9 14

Table 9.2 shows the differences in frequency values between measured (Fig. 9.15, see also Fig. 

9.3, Fig. 9.5) and predicted (Fig. 9.10) hazard maps for 24 towns displayed in Figure 9.15. With 

the exception of the town of Sanza (there is a difference of 75%) the differences in all other 

towns do not exceed 35 % of the measured values. Montella is the only town founded on 

bedrock, therefore it does not shake at intensity IX in both maps. By comparing Tables 9.1 and 

9.2, it is evident that the assumptions made concerning the selected intensity radius have a 

significantly higher effect on the final results than the choice made between measured and 

predicted throw-rate values. The last column refers to Section 9.6. In this column the average 

frequency numbers observed over 18 kyrs are normalised to 442 and 654 years, so as to 

compare them with the historical record (see also Table 9.3 and Figure 9.17e).
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Figure 9.15 Map showing the locations of the towns presented in Tables 9.1, 9.2 and 9.3. It 

also shows how many times a locality receives enough energy to shake at intensities ^IX in 

18 kyrs, assuming a 12.5 km radius of isoseismal IX and a simple attenuation/amplification 

function where bedrock Mesozoic-Cenozoic limestones shake at a single intensity value less 

than the Quatemary/flysch/foredeep deposits at the same epicentral distance.
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deformation on the northwestern coast (between Salerno and Naples) or active faults that are 

located outside the studied area, but could potentially produce damage inside it. Finally, it 

should be noted again that these maps indicate the long-term shaking hazard, not where the next 

earthquake will occur.

9.6 COMPARISON WITH THE HISTORICAL RECORD

In order to conclude whether the rates of fault throw accumulation over long time periods (e.g. 

18 kyrs) in southern Apennines are representative of shorter time periods (e.g. 442 years), the 

recurrence intervals extracted from these maps are compared with the historical record, in a 

similar manner as that for Lazio-Abruzzo (Section 7.4).

9.6.1 METHODOLOGY

A similar procedure to that described from Roberts et al. (in press) in Lazio-Abruzzo is 

followed. Overall, 24 towns were chosen that are uniformly distributed in the entire area and 

most of them have numerous records of earthquake shaking dating back to the sixteenth and 

seventeenth century (Table 9.3, Fig. 9.15). In order to assess whether these towns would have 

recorded a large magnitude event in the time period considered, in Table 9.3 two columns have 

been added that show the total number of recorded events of all intensities and the date of the 

oldest reported event for every town. Based on these information, the historical shaking record 

for the Buccino and the Laino Gastello towns may be incomplete, but they have been included 

in order to offer a complete geographical coverage. Moreover, no other major events (intensity 

> VIII) have been recorded in neighbouring areas (located 10-20 km away), implying that their 

inclusion would not mislead the results.

Overall, no large events were recorded in the study area before the 1561 event, implying that it 

is not easy to conclude whether there was quiescence or the record is indeed incomplete before 

the 1561 event (see also Section 5.1.3.2). In order to avoid such dilemmas, two different periods 

were tested: a 442 yrs period (since 1561 A.D., that is preferred) and a 654 yrs period (since 

1349 A.D. the same as Lazio-Abruzzo). Another uncertainty in this comparison process arises 

from the actual recorded intensity values. In a few localities, intensities were recorded in 

decimal degrees as 8.5 (VIII+) or 7.5 (Vll-h). The question is whether these values should be 

attached to the nearest higher or lower single intensity value. As a result, five columns including 

all possible combinations have been used and are presented in Table 9.3. However, their impact 

on the final results is negligible. Finally, another scale was included in the hazard maps, which
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Table 9.3

U)
ON

Town
(see also 
Fig. 9.15)

XUTM
Coordinate

YUTM
Coordinate

Predictions from 
Fig. 9.5- 9.6: 

Number of times 
in 18 kyrs

Predictions from 
Fig. 9.5- 9.6: 

Number of times

Historical record: 
Number of times each locality 

was shaken 
at stated intensity

Total 
number of 
recorded 
events of 

all
intensities 
(from III- 

XI)

Oldest
Reported

event
In 442 yrs In 654yrs

IX VIII IX VIII IX VIII <IX IX
+

VIII+

VIII VIII
+

VIII+

VIII
+

VII+
Buccino

4498500 532000 28 49 1 1 1 2 1 1 3 3 3 9 1561
Balvano

4500400 543200 12 44 0 1 0 2 3 3 1 1 1 8 1561
Padula

4466000 555800 31 68 1 2 1 2 1 1 0 0 1 5 1694
Atena
Lucana 4478500 546600 20 70 1 2 1 3 2 2 2 2 3 5 1561
Tito

4492500 557000 0 25 0 1 0 1 4 4 0 0 0 8 1561
Salemo

4503500 480500 0 0 0 0 0 0 0 0 0 0 0 24 1456
Potenza

4499000 568200 0 0 0 0 0 0 0 1 3 4 3 21
1273?
(1561)

Sicignano 
degli Albumi 4493000 526000 25 45 1 1 1 2 1 1 1 1 1 8 1561
Eboli

4496000 504700 0 10 0 0 0 0 0 0 0 0 0 9 1857
Cassano alio 
lonio 4405000 612900 3 15 0 0 0 1 0 0 0 0 0 11 1783
Maratea

4427500 561600 18 48 0 1 1 2 0 0 1 1 1 7 1638
Laino
Gastello 4422500 583300 18 37 0 1 1 1 0 0 0 0 0 4 1905
Rotonda

4423500 588900 13 37 0 1 0 1 0 0 0 0 0 5 1857
Castrovillari

4408000 603000 12 22 0 1 0 1 0 0 0 0 1 14 1638



Sant'
Arcangelo 4456200 608100 0 0 0 0 0 0 1 1 0 0 0 7 1857
Montemurro

4461200 584200 8 42 0 1 0 2 1 1 0 0 2 13 1561
Sanza

4455000 546800 8 65 0 2 0 2 0 0 1 1 1 6 1857
Lagonegro

4442000 565200 18 70 0 2 1 3 1 1 0 0 1 12 1826
Lauria

4433400 571300 20 55 1 1 1 2 0 0 2 2 2 7 1836
Lioni

4525200 515500 23 32 1 1 1 1 3 3 1 1 1 8 1694
Teora

4522800 521500 23 35 1 1 1 1 4 4 0 0 0 7 1694
Viggiano

4466000 576500 21 46 1 1 1 2 1 1 0 0 0 2 1857
Montella

4521500 501500 0 15 0 0 0 1 0 0 3 3 3 8 1694
Polla

4485000 542300 15 65 0 2 1 2 2 2 2 2 2 6 1561
TOTAL

316 895 8 23 12 34 25 26 20 21 26

Table 9.3 (continued)

Notes: Viggiano and Laina Castello may be incomplete, but they have been included in order to offer a complete geographical coverage. However, no other 

major events (intensity >VIII) have been recorded in neighbouring locations, implying that their inclusion is not misleading. The Viggiano village is founded 

partly on limestone and partly on Quaternary alluvium and slope deposits, but it was shaken by intensity X during the 1857 event, therefore it is assumed that is 

based on Quaternary. The same is assumed for the villages of Polla and Sanza that are partly founded on Quaternary and partly on Cretaceous limestone. The 

Lagonegro is mainly founded on flysch but a small part of it, is situated on Triassic limestone. Finally, Montella is founded on bedrock.
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allows the event frequency of intensity IX and VIII shaking since 1561 and 1349 A.D. to be 

assessed (Fig. 9.16). In this process the average frequency numbers observed over 18 kyrs are 

normalised to 442 and 654 years, assuming that the long term record of shaking is 

representative of shorter time periods (Tables 9.1, 9.2, 9.3, Fig. 9.16), ignoring for now the 

possible effects or temporal earthquake clusters.

9.6.2 RESULTS

All possible combinations have been tested between the normalised long-term shaking values 

and the historical record (including all five columns) and it is clear that there is no correlation 

between them, not only for intensities HX, but also for intensity VIII (Fig. 9.17a, Fig. 9.17b). 

The highest calculated correlation is R^=0.13 and is observed between the normalised values of 

intensity VIII in 654 yrs and the historical record for intensities VIII and VII-i- (or 7.5) (Fig. 

9.17d). Therefore, the rates of fault throw accumulation over the 442 year period covered by the 

historical record are not representative of the rates over 18 kyrs. The same is true even if the 

observation period covered by the historical record is extended up to 654 yrs that is the same 

time period used in Lazio-Abruzzo (Fig. 9.17c). Additionally, shaking frequencies implied by 

predicted throw-rates (extracted from Fig. 9.10, see also Table 9.2) do not also correlate with 

the historical record (Fig. 9.17e).

It is evident that the northwestern part of the study area is ahead of its longer-term shaking 

record, indicating that this area may be in a temporal earthquake cluster. Towns like the 

Balvano, Atena Lucana, Tito, Lioni, Teora, Polla have experienced more intensity IX (in 

particular) and VIII events during the last five to seven centuries compared to their longer-term 

shaking record derived from the maps (Table 9.3, Fig. 9.15). On the other hand, the southeastern 

part of the study area may be in a temporary anticlustering process. Towns like the Lauria, 

Lagonegro, Sanza, Castrovillari, Rotonda, Laino Castello and Maratea have experienced less 

events (particularly for intensity VIII) compared to the longer-term shaking record (Table 9.3, 

Fig. 9.15).

9.6.3 DISCUSSION

Overall, the study area seems to be ahead of its longer-term shaking record for intensity IX 

events. In particular, based on the normalised long-term rates of shaking (extracted from Fig. 

9.5, see also Table 9.3) these 24 towns should have shaken in total at intensities HX only 8
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Number of times a locality shakes in 18 kyrs, 442 yrs and 654 yrs, respectively
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Figure 9.16 This scale is added in the hazard maps and allows the event frequency of 

intensity IX and VIII shaking since 1561 and 1349 A.D. to be assessed. Therefore, in this 

process the average frequency numbers observed over 18 kyrs are normalised to 442 and 654 

years, respectively.
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Figure 9.17 Diagrams showing that there is no correlation between the normalised predicted 

shaking frequencies from this study and the historical record. Diagram: a)for intensity IX (in 

442 yrs), b) for intensity VIII (in 442 yrs), c) for intensity IX and VIII (in 654 yrs), d) 

showing the best observed correlation (R^=0.13), after testing all possible combinations, e) for 

intensity IX based on predicted throw-rates values (in 442 and 654 yrs), f) for intensity IX 

assuming a 20 km radius of isoseismal IX (in 442 and 654 yrs).
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times (12 if the period covered is extended up to 654 yrs), but according to the historical record 

these towns were shaken in total at intensities >IX 25 times. Twenty out of these 25 times 

originate from only 4 historical events (1561, 1694, 1857 and 1980), implying that the sample is 

most probably too small and is overly-influenced by a small number of events (for example the 

1857 and the 1561 events produced intensities >IX in 7 and 6 different towns of the Table 9.3, 

respectively). For intensity VIII the aggregate number of recordings between the normalised 

long-term values and the historical record for these 24 towns, is comparable (20 from the 

historical record instead of 23 from Fig. 9.6 and Fig. 9.7). However, their spatial distribution is 

again in disagreement (as also demonstrated in Fig. 9.17b), because the normalised longer-term 

rates display less recordings in the northwestern part of the study area and more in the 

southeastern part compared to the historical record.

One can then argue that this discrepancy in the total number of recordings for intensities >IX, 

may indicate that larger dimensions for isoseismal IX should be applied. In order to resolve this 

issue, the results obtained from the sensitivity analysis were also tested (Table 9.1). In the 

sensitivity analysis, an extreme upper value of 20 km radius for the isoseismal IX was used. 

Once again, no correlation is observed between the longer-term rates and the historical record 

(Fig. 9.17f) and the total expected number of intensity IX recording for these 24 towns has been 

increased to 17 (or 21 if the period covered is extended up to 654 yrs), a value that is still below 

the 25 times reported from the historical record. The latter demonstrates that the study area 

appears to be ahead of its longer-term shaking record for intensity IX, implying that the sample 

is too small and the observation period too short to document the average longer-term shaking 

rates in a reliable way, perhaps due to an earthquake cluster. It is suggested that seismic hazard 

maps based on the historical record could not represent the average longer-term seismicity rates 

as they would be severely biased from a few large recent events. It is interesting to note that 

even though the study area as a whole, seems to be ahead of its longer-term rate for intensities 

>IX, this trend in not followed in the entire map. For example, the southeastern part of the study 

area is below its longer-term rate for intensities >IX, but the temporal clustering effect produced 

in the northwestern part of the study area is so powerful that when counterbalancing both trends, 

it overshadows the deficit observed in the southeast.

This shows again that a 442 or even a 654 year-period is too short for a complete pattem of 

hazard to have emerged because many low throw-rate faults (e.g. Pollino, Volturara, Mercure) 

will probably have not ruptured during this time period and other faults that could be in a 

temporal clustering or an anticlustering period will provide recurrence rates that would be 

unrepresentative of the their longer-term pattem of seismic shaking.
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In conclusion, in the southern Apennines it is evident that no correlation exists between short

term seismicity rates extracted from the historical record and long-term seismicity rates implied 

by measured throw-rates. One possibility is that the northern part of the study area (Irpinia and 

northern Basilicata) is ahead of its longer-term rate, thus in a temporal clustering period, 

whereas the southern part (Pollino, southern Basilicata) is below its longer-term seismicity rate, 

possibly experiencing a temporary anticlustering period (Fig. 9.15). The latter can potentially 

explain why paleoseismic data extracted from the Pollino region (Michetti et al., 1997; Cinti et 

al., 1997) are in conflict with the historical record, with paleo surface ruptures found in a region 

with no historical events.

9.7 CONCLUSIONS

Geological data can provide maximum expected shaking intensities within an area (Fig. 9.1, 

Fig. 9.2), and also a quantitative assessment through the measuring of the long-term timescale 

of earthquake occurrence that can be extracted from geologic fault throw-rate data (Figures 9.3 - 

9.12). Geologic fault throw-rate data sample much greater periods of time, providing not only a 

more reliable estimate of hazard but also higher spatial resolution (given assumptions of 

isoseismal diameters). Additionally, these maps consider the influence of bedrock geology on 

the intensity distribution.

This study provides maps showing how many times each location will be shaken by intensities 

>IX or intensities >VIII in 18 kyrs. The maps show that some areas are likely to receive enough 

energy to shake at intensities >IX, 30-35 times or at intensities >VIII, 70-80 times in 18 kyrs, 

whilst some neighbouring areas only 10 times and some others will never shake at such 

intensity levels because they are founded on bedrock. These are also maps of recurrence 

intervals of damage to a given intensity (VIII, IX or X). This is in contrast to existing seismic 

hazard maps (e.g., Slejko et al., 1998), which delineate a uniform zone of high hazard in the 

NW part of the study area and a uniform zone of low hazard in the SE part of the study area.

A new type of seismic hazard map has been developed in this study, which integrates frequency 

data from two or three different macroseismic intensity values into a single map (Fig. 9.7, Fig. 

9.9). These maps show the maximum shaking intensity that a locality will experience after 

attenuating/amplifying with the bedrock geology as well as the frequency of events on the same 

locality. In conclusion, these maps summarise all single intensity frequency maps, describe the
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worst-case scenario in every locality and provide an overview of the hazard pattem in a single 

map.

The process of constructing, analysing and overlaying various intensity hazard maps is 

successfully performed in a GIS and enables the development of several 

attenuation/amplification scenarios. Overall, all maps presented in this chapter demonstrate that 

this new technique when allied with the GIS, produces a successful, complete, higher spatial 

resolution and more powerful quantitative analysis of the hazard pattem, than have been 

available manually in Chapter 7.

Several maps have been presented that incorporate different attenuation/amplification scenarios 

and depict the hazard not only for intensity IX, but for intensity VIII as well. These quantitative 

maps show that the shaking frequency pattem for intensities >IX is different to that for 

intensities >VIII. The shaking frequency pattem for intensity IX varies significantly over short 

distances and is mainly govemed by the fault specific throw-rates, exhibiting higher frequency 

values in the hangingwall centres of the faults that diminish towards the fault tips and the 

stepover zones. The intensity VIII map generally shows a smooth distribution of shaking 

frequency that is highest towards the centre of the array, diminishing towards the tips and 

results from the combining effect of several mainly along strike located faults.

Two independent data sets have been used to produce seismic hazard maps for the region of 

southem Apennines and both lead to similar results (Fig. 9.11). Neither uses earthquake 

frequency data from instmmental/historical seismicity because such records for this region are 

too short for a full pattem of fault-slip to have emerged. This similarity provides more 

confidence to the described deformation rate pattem, and thus to the seismic hazard assessment 

of the study area. Moreover, it shows that knowledge of fault scaling relationships imply spatial 

and temporal changes in seismic hazards during the evolution of fault systems that are 

confirmed by the measured data suggesting that predicted throw-rate could also be considered 

when producing seismic hazard maps (e.g. Roberts et al., in press). Finally, the method that 

predicts fault throw-rates can be easily applied in extensional areas where data on fault lengths 

and the map pattem of the fault array are available, but deformation rate data are poor or 

unavailable.

Seismic hazard maps are highly sensitive to the dimensions of modelled isoseismals and less so 

to uncertainties in throw-rates. Sensitivity analysis shows that input parameters such as the 

isoseismal dimensions impact significantly on the hazard pattem, but in a non-spatially uniform 

way. Therefore, in some localities frequency values are slightly modified, whilst in others there
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is a dramatic change that can influence recurrence intervals in a significant way. It is useful to 

run a sensitivity analysis so as to define which locations will be influenced the most and thus 

obtain a complete view of the modifications induced to the final results by using different input 

parameters. Finally, the assumptions made concerning the selected intensity radius have a 

significantly higher effect on the final results than the choice made between measured and 

predicted throw-rate values.

Finally, by comparing short-term throw-rates (e.g. historical record) with longer-term throw- 

rates (e.g. offset postglacial geomorphic features), one might be able to differentiate areas that 

are currently in a cluster of earthquakes from areas that are currently in an anticluster, providing 

important insights into seismic hazards. In the southem Apennines, there seems to be an 

inconsistency between the historical record and the longer-term rates extracted from the hazard 

maps, implying that the historical record is not representative of the longer-term throw-rates. 

This occurs because the northern part of the study area (Irpinia, northern Basilicata) appears to 

be ahead of its longer-term seismicity rate, thus perhaps in a temporal clustering period, whereas 

the southem part (Pollino, southem Basilicata) appears to be below its longer-term rate, 

implying that it is in a temporal anticlustering period (Fig. 9.15). By counterbalancing both 

trends, the study area as a whole appears to be above its longer-term rate for intensities >IX.
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CHAPTER 10 - PROBABILISTIC SEISM IC HAZARD ANALYSIS 

APPLICATION OF POISSON AND CONDITIONAL PROBABILITIES

10.1 INTRODUCTION

This chapter presents the application of Poisson and conditional probabilities in the central and 

southem Apennines, based on the mean recurrence intervals extracted from the hazard maps in 

Chapters 7 and 9, and the historical record. Section 10.2 introduces long and short-term 

probabilities. Section 10.3 provides an overview of the Poisson probabilistic model, whereas 

Section 10.4 describes how the historical record can be combined with the average recurrence 

intervals extracted from the hazard maps to calculate conditional probabilities. In Section 10.5, 

there is a review of the time dependent renewal model that has been used to calculate 

conditional probabilities. Section 10.6 presents the results of the probabilistic analysis using 

both the Poisson and the time-dependent renewal model, for four towns in the Apennines. 

Section 10.7 offers a discussion, with particular emphasis placed on the input parameters that 

influence mostly the probability calculations and Section 10.8 presents the conclusions.

10.2 LONG-TERM AND SHORT-TERM PROBABILITIES

In Chapters 7 and 9 several hazard maps were presented that show how many times each 

locality will receive enough energy levels to shake at a certain intensity value (IX or Vlll) in 18 

kyrs. Therefore, these maps show the recurrence intervals of damage to a certain intensity. Thus, 

a mean per year probability as well as a recurrence interval can be extracted, but averaged over 

18 kyrs (Fig. 10.1). For example, a locality that shakes 18 times by intensity IX in 18 kyrs, (a 

mean recurrence interval of 1000 yrs), exhibits a mean per year probability of 0.001. This is a 

long-term probability, which is a useful tool because it quantifies the hazard. However, the 

interest for planning, insurance and decision-making purposes is in earthquake probabilities 

over time scales shorter than the several hundred to a few thousand of year mean recurrence 

intervals calculated from these maps. Indeed in probabilistic assessment, numerical probabilities 

are usually assigned to a specific time period of 30 or 50 years such as the average life 

expectancy of a modem building, ensuring that the hazard is assessed on a time scale that is 

meaningful (e.g. Degg, 1992; Yeats et al., 1997).
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Figure 10.1 Seismic hazard map for the Lazio-Abruzzo, showing the mean per year 

probability. The Pratola Peligna and the San Benedetto de Marsi have similar mean per year 

probabilities, but different conditional probabilities.
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10.3 THE POISSON PROBABILITY MODEL

In probability theory, the property of a random variable may be described by its probability 

density distribution function (Hu and al., 1996). The simplest and most widely used probability 

model is the Poisson, which assumes that the probability does not vary in time and is thus fully 

determined by the long-term rate of occurrence of the rupture source (e.g. Reiter, 1990; Udias, 

1999; USGS, 1999). The Stationary Poisson model has no memory and it is the model of least 

information (Evison, 2001). If X is the rate of occurrence of earthquakes within a time t, the

À" e~^
probability that n earthquakes take place within such interval is Poisson = --------- . If the

n

occurrence of earthquakes follows a Poisson distribution, then the intervals of time t between 

consecutive earthquakes have an exponential distribution (Udias, 1999, see also Fig. 10.2a). In

this case the equation for the probability density function is: P{n) = À e~ ^ , whereas the 

cumulative distribution function is P=l-e'^‘ (Papoulis, 1991; Udias, 1999). This model is usually 

applied when no information other than the mean rate of earthquake production in known 

(USGS, 1999). Cornell and Winterstein (1988), showed that in practice application of the 

Poison (exponential) model would be inappropriate if the elapsed time between a significant 

event, with memory (i.e. knowledge of the date of the last event), exceeds the average 

recurrence time between such events. Overall, the best feature of the Poisson probability is that 

a forecast can be made without knowing when the last significant earthquake occurred, so 

according to this model odds do not change with time (Stein, 2003). However, the Poisson 

distribution has no memory and thus fails to incorporate the most basic physics of the 

earthquake cycle, according to which following a major earthquake another earthquake on the 

same fault segment is unlikely until sufficient time has elapsed for stress to gradually re 

accumulate (e.g. Ogata, 1999; Ellsworth et al., 1999; USGS, 1999; Stein, 2002).

In contrast, a more refined type of forecast called the renewal probability predicts that the 

chances of a damaging earthquake increase as more time passes since the last one struck (Stein, 

2003). This model is thought to encompass some of the physics behind the earthquake cycle and 

thus, it should be an improvement compared to the Poisson hypothesis, which assumes the 

timing of earthquakes are random (Stein, 2002). The time dependent renewal process is 

presented in Section 10.5.
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Figure 10.2 a) View of the Poisson or exponential density function calculated for the town of 

Pratola Peligna. b) Probability density function for earthquake recurrence. Conditional 

probability in interval (Te ̂  T ^ Te+ T), given the elapsed time Te since the last event, is the 

ratio of the area of dark shading to the sum of the areas with dark and light shading (After 

WGCEP, 1990).
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10.4 CONDITIONAL PROBABILITIES AND THE ITALIAN HISTORICAL RECORD

Italy has one of the best-constrained earthquake catalogues worldwide. Even though it has been 

demonstrated that this catalogue is incomplete and generally too short to express the long-term 

seismicity rates in a reliable way (e.g. Sections 9.5 and 9.6), it forms a precious tool for seismic 

hazard assessment. Most scientists agree that the Italian earthquake catalogue can be considered 

as complete covering all destructive events (intensity IX or higher) during the last 442 to 654 

years. This information can facilitate the short-term probability calculation through the use of 

conditional probabilities. Conditional probability is the probability of something occurring 

given that something else is true. In this case, the condition is that no event has occurred 

between the previous event and the year of the forecast.

The historical record informs us if and when a town has been shaken by intensity IX or higher 

during the last 654 years in central Italy and possibly 442 years in southern Italy. By comparing 

the elapsed time since the last event with the recurrence intervals extracted from the maps 

presented in Chapters 7 and 9, the conditional probability of an impeding earthquake can be 

calculated. As the elapsed time increases and more elastic strain accumulates, so does the 

likelihood of the next earthquake. In order to quantify this information in terms of probabilities 

per year, a time dependent renewal model and the lognormal statistical distribution have been 

used to calculate conditional probabilities.

10.5 THE TIME DEPENDENT RENEWAL PROCESS MODEL

The renewal model incorporates the concept of elastic rebound as described by Reid (1910). 

Large earthquakes are associated with a cycle of major stress drop and stress recovery, implying 

that recurrence intervals should follow a temporal pattern associated with a relatively narrow 

probability distribution (WGCEP, 1990). In the renewal process, the times between successive 

events are considered to be independent and identically distributed random variables (USGS, 

1999). The expected time of the next event does not depend on any of the details of the last 

event and following a large event, the renewal process in that locality is reset to the initial state. 

This means that the occurrence probability of the next event only depends upon the time since 

the last event, the parameters of the renewal process, and of course the time interval of interest 

(USGS, 1999).

Paleoearthquake occurrence data despite wide uncertainties in occurrence times, fit an 

earthquake renewal process in which the probability of a future event grows as the time from the
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previous event increases (Ogata, 1999). To calculate such a renewal probability, ideally one 

requires an earthquake catalogue containing several large events on each fault to deduce 

earthquake magnitudes, the mean inter-event time of similar events and the elapsed time since 

the last shock on each fault (Parsons et al., 2000).

Each renewal model is specified by a probability density function that defines the chance that 

failure will occur in the infinitesimal interval from t to t + At, where t is the time measured from 

the date of the last earthquake (USGS, 1999). Several statistical models have been proposed 

such as the Poisson, the Double exponential, Gaussian, Weibull, Gamma, Brownian Passage 

time and Lognormal (e.g. Ellsworth et al., 1999). These models have been used mainly because 

they are mathematical well-developed functions with well known statistical properties (e.g. 

Ellsworth et al., 1999). However, with the exception of the Exponential model or Poisson 

process, which is rejected (e.g. Ogata, 1999; Ellsworth et al., 1999), all other models display 

generally similar probability density functions (Ellsworth et al., 1999). In this study the 

lognormal distribution has been used. This is the most widely used distribution concerning the 

time dependent renewal model and has initially been used for the San Andreas fault system in 

California by the Working Group on California Earthquake Probabilities 1988 and 1990 and the 

calculation of conditional probabilities along the Mexican subduction zone by Nishenko and 

Singh (1987). A lognormal distribution has been proposed by Nishenko and Buland (1987) 

based on the study of characteristic recurrence times for the circum-Pacific earthquakes, and 

also fits the recurrence times of the repeating earthquakes near Parkfield (Nadeau et al., 1995). 

Additionally, Brown et al. (1991) applied the Burridge-Knopoff model to calculate earthquake 

recurrence times as well as their statistical variability and their results showed a lognormal 

distribution of recurrence times.

A random variable x is lognormally distributed if its logarithm Inx is normally distributed. Since 

Inx is normally distributed, its mean, median, and mode are equal to Tm, but the mean, median 

and mode of x are distinct (Campbell, 1995). Tm and denote the mean and variance of Inx, 

respectively. The two parameters are dimensionless since they relate to the logarithm; therefore 

the distribution of x is fully determined by these two parameters (Campbell, 1995). The 

lognormal distribution approaches the normal distribution as the variance approaches zero 

(Shimizu and Crow, 1988). Input parameters for the calculation of the probability are: i) Tg the 

elapsed time since the last event, ii) Tm the median recurrence interval; and iii) a, a measure of 

the dispersion or spread in the recurrence time distribution (USGS, 1999). Time is set to zero at 

the occurrence of the most recent earthquake. The fraction of all earthquake recurrence times in 

an interval (t, t + AT) is obtained from the lognormal probability density function by integration 

(WGCEP, 1990):
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p(,<7-<,*4n= 1 Id.

a  is the uncertainty parameter and represents the standard deviation of the natural logarithm of 

the recurrence time. The uncertainty parameter o is the square root of the sum of the squares of 

two components: a) the parametric uncertainty arising from uncertainties in the date of the last 

event and the slip-rate and b) the intrinsic uncertainty that reflects the event to event variability 

in recurrence time if Tm is perfectly known (Nishenko and Buland 1987; WGCEP, 1990). The 

two sources of variability are independent, so the total variance is:

<7 =^|âf+âf
If the date of the previous earthquake is known the conditional probability that the earthquake 

will occur in the next interval (T, T+AT) can be determined, provided that it has not occurred 

prior to Te (e.g. the time since the last earthquake) (Scholz, 2002).

Now the probability conditional on the earthquake not having occurred prior to Te is (WGCEP, 

1990):

f(Tg<T<Tg+AT)
P {T e < T < T e  + AT T > T )  =

l - P ( 0 < T < T ^ )

The conditional probability is determined by dividing the area under the density function in the 

interval of interest by the area of the density function at times equal to or greater than the start 

of the interval of interest (USGS, 1999). Figure 10.2b shows the lognormal probability density 

function and how conditional probabilities are calculated.

The probabilities are highly dependent on the variability of recurrence intervals of earthquakes, 

which is usually represented by the coefficient of variation or aperiodicity (Ellsworth et al., 

1999). The coefficient of variation of the distribution or the aperiodicity is a measure of the 

irregularity of the length of the intervals between successive events. WGCEP (1990) and 

Nishenko and Singh (1987) used a common value of 0.21 for the measure of variability of 

recurrence times based on the paper presented by Nishenko and Buland (1987). Nishenko and 

Buland (1987) examined 53 recurrence intervals of characteristic events from segments of 

Circum-Pacific plate boundaries with histories of two or more recurrences. However, this value 

(0.21) is highly unknown and has been questioned by other workers (e.g.. Savage, 1992, Toda et 

al., 1998). Ellsworth et al. (1999) analysed 37 worldwide series of recurrent earthquakes with at
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least four closed intervals (5 events) on the same fault segments (most of them strike slips) and 

calculated a significantly higher value of 0.5 for the coefficient of variation compared to the 

value of 0.21 obtained from Nishenko and Buland (1987). Parsons et al. (2000) used a value of 

0.5, whereas USGS (1999) used a value of 0.5 ± 0.2. McCaplin and Nishenko (1996) and Chang 

and Smith (2002) used both the 0.21 and the 0.5 values for the coefficient of variation, but 

favoured the 0.5 value. Finally, Toda et al. (1998) used a more conservative value of 0.75, so 

that the uncertainty on repeat times is not underestimated.

10.6 APPLICATION OF POISSON AND CONDITIONAL PROBABILITIES IN THE 

APENNINES

10.6.1 COEFFICIENT OF VARIATION FOR THE APENNINES

In the previous section, two sources of uncertainties have been presented. The first source is the 

error in estimating the length of the recurrence interval, which is mainly reflected in the 

uncertainties concerning the slip-rate and the time since the most recent earthquake. In Italy, 

there is no error concerning the date of the last event, because the historical record provides a 

high temporal resolution. However, there is an error of 20% regarding slip-rate values. 

Therefore, the parametric uncertainty is relatively small.

The second source of uncertainty is the natural variation among the recurrence intervals. As 

discussed previously the coefficient of variation of the inter-event times is a major source of 

uncertainty and its exact value is unknown. Ellsworth et al. (1999) calculated a value of 0.58 for 

the aperiodicity of the Irpinia fault based on paleoseimic data from Pantosti et al. (1993). This is 

the only fault from their catalogue located in the study area. However, a question arises on 

whether this value alone is representative of all other faults in the Apennines. Moreover, another 

uncertainty arises from the fact that several workers suggest that the same fault ruptured again 

in 1694 producing a similar isoseismal distribution to the 1980 event (Serva, 1981; Deschamps 

and King, 1983; Porfido et al., 2002). If this event is included into the calculations, it is clear 

that the coefficient of variation will increase further. Since no catalogue is adequate to estimate 

the coefficient of variation of the inter-event times in the Apennines, three different values 

extracted from the literature have been used: i) a value of 0.21 (Nishenko and Buland, 1987; 

Nishenko and Singh, 1987; WGCEP, 1990), ii) a value of 0.5 (Ellsworth et al., 1999; USGS 

1999; Parsons et al., 2000) and iii) a more conservative value of 0.75 (Toda et al., 1998). 

Therefore, the main source of variability arises mainly from the intrinsic uncertainty. By 

combining the parametric and the intrinsic uncertainty values, the following three values of
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0.29, 0.54 and 0.77 have been extracted concerning the a  value, for the study area. In 

conclusion, conditional probabilities were calculated for the year 2003, the next 10, 30 and 50 

years, respectively, using these three ct values.

10.6.2 CONDITIONAL AND POISSON PROBABILITIES FOR THE APENNINES

Conditional and Poisson probabilities have been calculated for four towns, two from Lazio- 

Abruzzo and two from the southern Apennines. These towns were chosen for several reasons. 

For example, the towns of San Benedetto de Marsi and the Pratola Peligna in Lazio-Abruzzo 

(see Fig. 10.1 for location) have similar recurrence intervals (400 years and 327 years) and thus 

similar mean per year probabilities (0.0025 and 0.003), but the elapsed time since the last event 

is significantly different (Fig. 10.3 and Fig. 10.4). San Benedetto de Marsi was devastated by 

intensity XI, 87 years ago, during the 1915 Fucino earthquake, whereas the Pratola Peligna 

suffered intensity IX during the 1706 earthquake, 296 years ago. As a result, two significantly 

different conditional probabilities are calculated for these two localities. Assuming o=0.54 a 

conditional probability of 0.1235 (or a 12.35%) and 0.0090 (or a 0.9%) is calculated for the next 

30 years for the Pratola Peligna and San Benedetto de Marsi, respectively (Fig. 10.3 and Fig.

10.4). Thus, even though these two towns have similar recurrence intervals, there is an order of 

magnitude difference in the conditional probabilities calculated for the next 30 years. Moreover, 

the Poisson probability of intensity IX or higher occurring in 2003-2032 is 0.0876 (or 8.76%) 

for the Pratola Peligna and 0.0723 (7.23%) for the San Benedetto de Marsi (Fig. 10.3 and Fig.

10.4). Both values and particularly the Poisson probabilities concerning the San Benedetto de 

Marsi are considerably different to the conditional probabilities. The time independent Poisson 

value is fully determined by the mean long-term rate of occurrence, therefore as expected its 

probability value lies below the conditional probability calculated for the Pratola Peligna, which 

approaches the late stages of the cycle, and above the conditional probability calculated for the 

San Benedetto de Marsi, which is still at time early in the cycle. Figures 10.3 and 10.4 show the 

probability density immediately after the date of the last event for both localities as well as the 

conditional probability density, knowing that no event took place up to the year 2002. It is 

interesting to note that the non-conditional and the conditional probability densities for the San 

Benedetto de Marsi are almost identical. This occurs because the elapsed time since the last 

event is too small compared to the average recurrence interval, implying that this locality is at 

time early in the cycle, therefore, no significant amount of probability has been accumulated 

during the last 87 years in order to be redistributed in the future and modify the conditional 

probability density. Figure 10.2a shows the exponential (Poisson) probability density function
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San Benedetto de M arsi
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intensity IX 
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probability
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Interval

Date of the 

last Event
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Poisson 

Probabilities for 

the next 30 years 
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45 0.0025 400 1915 87 0.07226

Conditional Probabilities calculated for the year 2003 and the next 10, 30 and 50 years

a 2003 2003-2012 2003-2032 2003-2052

0 J9 1.712 E-08 4.449 E-07 1.116 E-05 0.00011

0.54 0.00016 0.00199 0.00907 0.02130
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Figure 10.3 Probability density calculated immediately after the 1915 event and conditional 

probability density knowing that no event occurred between 1915-2002 for the San Benedetto 

de Marsi in Lazio-Abruzzo. Both probability density functions are almost identical, because 

the elapsed time since the last event is too small compared to the recurrence interval, implying 

that the town is at time early in the cycle.
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Figure 10.4 Probability density calculated immediately after the 1706 event and conditional

probability density knowing that no event occurred between 1706-2002 for the Pratola

Peligna in Lazio-Abruzzo.
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Figure 10.5 Cumulative time dependent probability for the town of Pratola Peligna, 

calculated immediately after the 1706 event and cumulative conditional probability knowing 

that no event occurred between 1706-2002.
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for the Pratola Peligna. Finally, Figure 10,5 shows the time dependent cumulative probability 

for the town of Pratola Peligna, calculated immediately after the 1706 event as well as the 

cumulative conditional probability.

The town of Viggiano (see Fig. 9.15 for location) in southern Apennines receives enough 

energy to shake at intensities >IX, 21 times in 18 kyrs. This town was shaken by intensity X 

during the 1857 earthquake, 145 years ago. Assuming o=0.54 a conditional probability of 

0.11% is extracted for the next 30 years (Fig. 10.6). This value is more than an order of 

magnitude lower than the Poisson value of 3.43% (Fig. 10.6). Overall, the Viggiano displays a 

very small conditional probability value and this occurs for two reasons. Firstly, it has a 

relatively long recurrence interval of 857 years and secondly the last event occurred 145 years 

ago indicating that it is still at time early in the earthquake cycle, therefore the conditional 

probabilities are very small. The latter can also explain the large difference between the 

conditional and the Poisson probabilities. Figure 10.6 shows that both the conditional as well as 

the unconditional probability density are almost identical. This is a similar case to the San 

Benedetto de Marsi.

Finally, the town of Padula (see Fig. 9.15 for location) receives enough energy to shake at 

intensities >VIII, 68 times in 18 kyrs, thus has a recurrence interval of 265 years. Assuming a 

value of 0=0.54 a conditional probability of 0.1028 (or 10.28%) is calculated for the next 30 

years (Fig. 10.7). This value is similar to the Poisson probability estimate, according to which 

the likelihood of this site experiencing intensity VIII or higher is 0.1071 (or 10.71%). This 

occurs because the elapsed time since the last event has covered about half of the average 

recurrence interval of 265 yrs calculated for this locality. As a result, the locality is at an 

intermediate time in the cycle, therefore its conditional probability coincides with the average 

long-term shaking record. This example also shows that conditional and Poisson probabilities 

can be calculated not only for intensity IX, but also for intensity VIII.

10.7 DISCUSSION

Average recurrence intervals are the principal input data for the probabilistic seismic hazard 

analysis and should represent the long-term shaking record. In the previous chapters it is 

demonstrated that the average recurrence intervals extracted from this study represent the long

term shaking record in a more complete way than the historical/instrumental catalogue. 

Therefore, it is argued that the future occurrence rates can be predicted based on these
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V iggiano

Times shaken 
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intensity IX 

or higher

Mean per year 
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Figure 10.6 Probability density calculated immediately after the 1857 event and conditional

probability density knowing that no event occurred between 1857-2002 for the town of

Viggiano in the southern Apennines.
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Figure 10.7 Probability density calculated immediately after the 1857 event and conditional

probability density knowing that no event occurred between 1857-2002 for the town of

Padula in the southern Apennines.
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recurrence intervals, following the stationary Poisson model or a time dependent renewal 

statistical model. According to the Poisson model the probability of earthquakes is uniform in 

time. A time dependent statistical model is based on the elastic rebound concept according to 

which the occurrence of a large earthquake releases the accumulated seismic energy and 

therefore decreases the probability for a near-future similar size event in the same region. This 

type of time dependent behaviour has been modelled for four towns by a conditional lognormal 

probability function, which indicates that the probabilities of a damaging earthquake increase as 

more time passes since the last event.

The maps presented in Chapters 7 and 9 offer a locality specific earthquake recurrence record 

rather than a fault specific record. This is a new approach and its importance has already been 

demonstrated for low across strike fault spacing areas, such as Lazio-Abruzzo, where the hazard 

pattern results from the combined effect of several faults. However, even though such 

information is useful for the long-term record of hazard and the calculation of Poisson 

probabilities, it is debatable whether time dependent conditional probabilities in such cases can 

be regarded as more reliable. In particular, if the long-term shaking record of a town results 

from the combined activity of more than one fault, a question arises on whether the application 

of conditional probabilities that are based on the concept of earthquake cycle is the appropriate 

approach. In such a case, the average recurrence interval of the town results not from a single 

earthquake cycle linked solely to a single fault, but from the combined effect of several faults 

each one having its own seismic cycle. In other words, even though each fault has its own cycle 

and memory, it is debatable on whether the combined average recurrence interval of a town 

should also be periodic, having its own cycle. In summary, it might be inappropriate to apply 

the seismic cycle concept to localities that receive enough energy to shake at a certain intensity 

level from many different faults with different recurrence intervals and different elapsed times.

Ideally, one way to deal with this problem is to calculate how many events each fault 

contributes to the specified locality and accordingly assign different weight distributions to each 

fault. Then, conditional probabilities can be calculated separately for every fault and following 

the weighting ratio, probabilities from every fault should be added up to extract the final 

combined conditional probabilities for the specified locality. This approach can be followed 

under the assumption that we know with great accuracy and certainty when each fault produced 

intensity IX or higher to the town concerned. However, such information is very difficult or in 

most times impossible to extract. Therefore, in such cases when the hazard is controlled by 

several faults with memory, Cornell and Winterstein (1988), argue that the Poisson model is 

more accurate than if the hazard were controlled by one such fault alone. For example, the town 

of Padula receives enough energy to shake at intensities >VIII from at least 4 different faults
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(e.g. Vallo di Diano, Val’ D’ Agri, Maratea and Monte Alpi), suggesting that the Poisson 

process may provide more reliable results. On the other hand, Viggiano receives enough energy 

to shake at intensities only from the Val’ D’ Agri fault. Thus, the hazard in the town of 

Viggiano is controlled solely by the Val' D' Agri fault and its behaviour is expected to be more 

consistent with the earthquake cycle concept, implying that the time dependent renewal model 

offers a more reliable probabilistic estimate than the Poison model and should be preferred.

The probabilities also depend on some poorly known parameters. For example, as demonstrated 

previously, the choice of probability model has a significant effect on the results (e.g. compare 

Poisson and conditional probabilities for the San Benedetto and the Viggiano). Additionally 

probabilistic results depend strongly on the value of intrinsic variability of recurrence intervals. 

Figure 10.8a shows the probability density for the town of Pratola Peligna for three different a 

values. For smaller values of a  the probability density is strongly peaked and remains close to 

zero longer. As o increases the probability density broadens, its peak value decreases and is 

shifted away from Tm and closer to zero (Fig. 10.8). Overall, with higher values of o the 

probability density flattens and is insensitive to the precise value of Tm (Savage, 1992). 

Therefore, in order to achieve more precise results and limit the uncertainties this value needs to 

be further constrained. In Italy a distribution of recurrence intervals can be potentially 

established in the future if a complete paleoseismological study based either on trenching and/or 

cosmogenic dating becomes available. Trenching and/or cosmogenic dating could enhance the 

temporal resolution, allowing the recognition of several separate surface faulting events on the 

same fault. Although in this case another uncertainty concerning the dates of the last event 

should be added, a better knowledge of the o value will be beneficial for the probabilistic 

analysis. Ellsworth et al. (1999) argue that sequences with just 2 or 3 recurrence intervals (as 

those examined by Nishenko and Buland, 1987) are of little value for estimation of the 

coefficient of variation of the inter-event times and at least 5 events are required.

The intrinsic variation in the length of recurrence intervals from cycle to cycle, reflects the 

complexities in the accumulation and release of strain (Nishenko and Buland, 1987). According 

to Nishenko and Buland (1987) the standard deviation of recurrence intervals is a fixed fraction 

of the average recurrence interval, implying a relatively uniform, well behaved scale 

independent physical structure underlying the characteristic earthquake cycle. However, this 

view as well as the 0.21 value they proposed, have been criticised by other workers. In 

particular, it is argued that the value of 0.21 possibly underestimates the intrinsic variation in the 

length of recurrence intervals and it is also suggested that this value may differ from fault to
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Figure 10.8 a) Diagram showing the probability density calculated immediately after the 

1706 event for the town of Pratola Peligna for three different sigma values, b) Diagram 

showing the conditional probability density for the town of Pratola Peligna after using three 

different sigma values.
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fault (e.g. Savage, 1992; Ellsworth et al., 1999). Later studies, even though they acknowledge 

that the a value is highly unknown, tend to use higher values ranging from 0.5 to 0.75 (Toda et 

al., 1998; USGS, 1999; Ellsworth et al., 1999; Parsons et al., 2000). As far as this study is 

concerned, conditional probabilities based on a higher a  value of 0.54 or 0.77 are regarded as 

more reliable compared to the lower value of 0.29. More studies in the future may help 

constrain this value in a more precise way.

It is also interesting to note that the effect of a is not distributed uniformly in time but depends 

strongly on the phase of the earthquake cycle a locality belongs to. For example, at times early 

in the cycle when a  increases, so does the likelihood, but when time approaches Tm and a 

increases the likelihood decreases (Fig. 10.8).

Another interesting feature emerging from Figures 10.3-10.7 is the relationship observed 

between the a value and the Poisson probabilities. In particular, it is evident that as o increases 

the conditional probabilities approach the Poisson probabilities (e.g. compare Poisson values 

and the 30 year conditional probability values with o=0.77, o=0.54, o=0.29). This occurs 

because higher uncertainties broaden the distribution and lower the peak value and as a result 

the probabilities are less sensitive to the Tm. Thus, probabilities are then influenced less from the 

time-dependent earthquake cycle concept, approaching the time independent stationary Poisson 

model.

Stress triggering influences the probabilistic forecast and can advance or delay forcoming events 

(Stein, 2003). There have been attempts to incorporate stress transfer into probability models in 

which the long-term renewal of stress on faults is perturbed by transfer on stress from nearby 

events. As a result, on top of the renewal model, Toda et al. (1998) as well as Parsons et al. 

(2000) build probabilities by including the effects of stress changes imparted by nearby 

earthquakes. According to their modelling the permanent probability gain caused by stress 

increase is amplified by a transient gain that decays with time (Fig. 10.8). The transient gain is 

an effect of rate and state dependent friction, which describes behaviour seen in laboratory 

experiments and in natural seismic phenomena (e.g. Toda et al., 1998). Parsons et al. (2000) 

estimated the duration of the transient decay directly from the times between triggering and 

rupturing earthquakes on the North Anatolian fault. Here it has to be mentioned that the North 

Anatolian fault has the best and most complete worldwide record concerning the times between 

triggering and rupturing earthquakes, but for most tectonic settings including the Apennines, 

such detailed information is unavailable.
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Parsons et al. (2000), added the effects of the new stress triggering hypothesis to the renewal 

probability, and calculated that the M=7.4 1999 Izmit earthquake raised the probability for an 

Istanbul earthquake in the next 30 yrs from 48% to 62% (Fig. 10.9). This interaction probability 

will continue to decrease over time as the renewal probability climbs, until their convergence at 

about 54% in the year 2060, assuming that the next earthquake does not occur before then 

(Stein, 2003).

However, because the calculated off-fault stress increases are rarely more than a few bars or just 

a few per cent of the mean earthquake stress drop and stressing rates are of the order of 0.1 

bar/yr, inter-event times are only changed by decades (Stein, 1999). Such a time change is 

inevitably much smaller than the uncertainty or variability of the earthquake inter-event time 

and thus has little effect on the probability (Stein, 1999). As demonstrated previously, applying 

different a  values could change the probabilistic forecast up to several orders of magnitude and 

thus a  has a considerable higher impact on the probabilities than the stress triggering effect. 

Moreover, the stress triggering effect fades away with time and after a few decades the renewal 

and the stress transferring probabilities converge. For faults that rupture every few hundred 

years, this additional probability implied by the stress triggering effect can be considered as 

significant, but a similar effect in the probability forecast will be small for faults with recurrence 

intervals of several hundred or a few thousand years (e.g. in the Apennines). In conclusion, 

introducing static stress changes into the time dependent renewal model is scientifically correct, 

but it will have little impact on the probabilities.

The seismic waves excited by earthquakes also produce dynamic Coulomb stress changes that, 

at distances more than about one source dimension from the fault, can be an order of magnitude 

larger than the static stress changes (Stein, 1999). Even though dynamic stresses do not 

permanently change the applied load (Stein, 1999), they alter the mechanical state or properties 

of the fault zone, effectively changing the failure criteria (Kilb et al., 2000). Dynamic stresses, 

due to their much larger amplitude relative to the static changes, alter fault zone properties more 

effectively in ways that permit a range of time delays between triggering and triggered events 

(Kilb et al., 2000). Therefore, dynamic stress may have a higher impact to probabilistic 

assessment than the static stress changes. However, distinguishing between static and dynamic 

stress is a key problem in earthquake triggering and our knowledge on the dynamic effects is 

limited (e.g. Marone, 2000).

Finally, the end user of this probabilistic seismic hazard analysis should be aware not only of 

the uncertainties and the assumption parameters used for the calculations of the probabilities 

made in this chapter, but also of all assumptions made concerning the seismic hazard maps
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produced in Chapters 7 and 9. This occurs because these hazard maps provide the average 

recurrence intervals that have been used as input data for the probabilistic analysis.

10.8 SUMMARY AND CONCLUSIONS

In this chapter Poisson and conditional probabilities have been calculated for four towns in the 

Apennines, based on the recurrence intervals extracted from the hazard maps and the 

information retrieved from the historical record. In particular, recurrence intervals for these 

towns are extracted from the hazard maps displayed in Chapters 7 and 9 and are compared with 

the elapsed time since the latest event reported in the historical record, to calculate conditional 

probabilities for the year 2003, the next 10, 30 and 50 years, respectively.

Conditional probabilities were calculated based on a time dependent renewal model. As the 

elapsed time increases and more elastic strain is accumulated, so does the likelihood for the next 

earthquake. Time dependent conditional probabilities incorporate the elastic rebound concept 

and are preferred in localities that are influenced solely from one fault. On the other hand, the 

time independent Poisson probabilities may offer a better estimate when the hazard in a locality 

results from the combined effect of several faults. Conditional probabilities for localities that are 

at times early or late in the seismic cycle are considerably different from the Poisson 

probabilities, which are uniform in time and mainly reflect the average longer-term seismicity 

rates. Therefore, the choice of the probability model (Poisson or time dependent) affects the 

results considerably, unless a locality is at intermediate time in its cycle.

Two towns that have similar average recurrence intervals and similar Poisson probability 

values, could display significantly different conditional probabilities. This occurs because one 

town is at time early in the seismic cycle, whereas the other town approaches the later stages of 

the cycle.

The major uncertainty in the time dependent probabilities is determining the standard deviation 

for recurrence intervals. The input value concerning the intrinsic variability in the length of 

recurrence intervals, affects the results in a significant way. Depending on the phase of the 

earthquake cycle a locality belong to, the differences in the probabilities for different a values 

can be relatively small (for example, at times late in the cycle e.g. Pratola Peligna) or can even 

exceed two or three orders of magnitude (for example, at times early in the cycle, e.g. Viggiano 

and San Benedetto de Marsi). More analysis and a more complete knowledge of the variation in 

the inter-event times are required to improve the probabilistic time dependent forecast.
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Conditional probability values approach Poisson probabilities with increasing values of o. When 

higher a  values are applied, the uncertainties are increased, the probability distribution broadens 

and the influence of the seismic cycle concept on the probabilities decreases. As a result, the 

probabilities then become less time dependent, approaching the time independent Poisson 

values.
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CHAPTER 11 - DISCUSSION

11.1 INTRODUCTION

This chapter offers a discussion on several different topics concerning the deformation rates and 

the seismic hazard maps presented in the previous chapters. Each of the previous chapters 

included extensive discussion sections, but this chapter discusses topics that either received little 

attention or have not been addressed before.

Section 11.2 compares the results extracted from the seismic hazard maps constructed in this 

study for the southern Apennines with existing published traditional seismic hazard maps which 

are based on historical seismicity. In this study, two different techniques of constructing seismic 

hazard maps have been presented. In Chapters 6 and 7, hazard maps were constructed based on 

a manual counting technique and the results were then imported into Excel, whereas in Chapters 

8 and 9 the hazard maps were constructed in a CIS environment. Therefore, Section 11.3 

compares both techniques, highlighting their advantages as well as their weaknesses. Section 

11.4 compares briefly the maps constructed from measured slip-rate data with the maps 

constructed using the equation that predicts slip-rates and discusses the possible implications for 

fault growth and seismic hazards. Section 11.5 critically assesses the new methodology for 

constructing seismic hazard maps, presenting its advantages compared to existing hazard maps, 

its limitations and highlights possible improvements. Finally, Section 11.6 presents an overview 

of the thesis.

11.2 SEISMICITY RATE COMPARISON BETWEEN EXISTING SEISMIC HAZARD 

MAPS AND THE MAP PRESENTED IN THIS STUDY FOR THE REGION OF 

SOUTHERN APENNINES

In this section the seismic hazard maps constructed in this study for the region of southern 

Apennines are compared with existing published probabilistic seismic hazard maps based on 

historical seismicity data presented by Slejko et al. (1998). Slejko et al. (1998) followed the 

commonest Cornell probabilistic approach (see Section 3.2) and computed the hazard after 

using the code SEISRISK III (Bender and Perkins, 1987) for areal source setting. The Italian 

territory was divided into 80 seismotectonic zones (Fig. 11.1a, Scandone, 1997). Slejko et al. 

(1998) used the historical seismicity record for the last 1000 years (1000-1980 A.D., based on 

the GNDT catalogue, Camasi and Stucchi, 1996) and every event in the historical catalogue was 

assigned to a seismogenic zone. Each seismogenic zone is assumed to have a uniform seismicity
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three seismogenic zones in the area. All active faults, (with the exception of the southwestern 

half of the Maratea fault, which lies outside of every zone), are assigned to one of the three 

seismogenic zones of the area. The thickness of the lines represents the authors’ uncertainty in 
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(1998).
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rate. Slejko et al. (1998) counted the earthquake number in each magnitude class for every 

seismic zone and normalised the values to 100 yrs so as to compute the seismicity rates. 

Following a similar approach they provided a table of seismicity rates expressed in intensity 

values for every seismogenic zone. In particular, they presented seismicity rates expressed in 

number of events of intensities lo > IX in 100 years. Therefore, a direct comparison can be 

made between the seismicity rates calculated by Slejko et al. (1998) and the hazard maps 

presented in this thesis. Before comparing them, all active faults in southern Apennines were 

assigned to one of the three seismogenic zones of the area (No 57, No 63, No 64, Fig. I I .la  and 

Fig. I l.Ib )  and all earthquake events that each fault contributes in 18 kyrs were summed up in 

every zone and then were normalised to the 100 yr period in order to extract seismicity rates for 

comparison (Table 11.1) with Slejko et al. (1998). To facilitate the comparison between both 

maps. Table 11.1 shows the seismicity rates (number of events at intensity > IX) for 100 yrs and 

18 kyrs, respectively.

In particular, the seismicity rate for the seismotectonic zone 64 is 0.18 (or 32 intensity IX events 

in 18 kyrs) based on the longer-term rates extracted from this study and 0.12 (or 22 intensity IX 

events in 18 kyrs) according to Slejko et al. (1998) based on the historical data. Seismotectonic 

zone 57 has not experienced any intensity IX events during the last 1000 yrs so the seismicity 

rate is zero, whereas the seismicity rate for intensities IX or higher based on the geologically 

derived rates is O.I (or 19 intensity IX events in 18 kyrs). Therefore, the seismicity rate 

calculated from the historical data for both zones (64 and 57) is underestimated if the longer- 

term rates are accepted. On the other hand, according to Sleiko et al. (1998), seismotectonic 

zone 63 has a considerable higher seismicity rate of 1.32 (or 238 intensity IX events over 18 

kyrs) in comparison to the 0.76 (or 138 intensity IX events in 18 kyrs) seismicity rate extracted 

from this study. Thus, the seismicity rate derived from the historical record for the 63 

seismotectonic zone is significantly overestimated if the longer-term rates are accepted. 

Therefore, the results are, as expected, in agreement with the findings of Section 9.6, according 

to which the southern part of the study area (Pollino, southern Basilicata) is below its longer- 

term seismicity rate, possibly experiencing a temporal anticlustering period, whereas the 

northern part (Irpinia, northern Basilicata) is ahead of its longer-term rate, in a temporal 

earthquake clustering period (Fig. 9.15, Fig. Il.Ib).

Another issue concerning the seismicity rates within these zones is that even though some of the 

faults are situated in one zone, they may produce intensity IX shaking within neighbouring 

zones. This occurs for those faults that are located close to a zone boundary and are also dipping 

towards the boundary. Two faults exhibit these characteristics in southern Apennines, the Vallo
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Seîsmo- 

tectonic 

Zone No 

(Fig. 11.1)

S.R. from Slejko 
et al. (1998) 

Io>IX

In

100 yrs

In

18 kyrs

S.R. from this
study

Io>IX

In

100 yrs

In

18 kyrs

Zone % 
covered 

by the 

study 

area

Faults inside 
the zone
(% refers to 

fault length)

Notes

64 0.12 22 0.18 32 100% Pollino 

100% 

Mercure 
100% 

Monte Alpi 

25%

Remaining 75% 

in zone 63

63 1.32 238 0.76 138 100% Monte Alpi 
75 %
Val’ D’ Agri 

100%

Vallo di Diano 
100%

Irpinia

100%

Irpinia Ant 
100/%

San Gregorio 

100% 

Volturara 

100%

Albumi

25%

Remaining 25 

% in zone 64

Boundary with 
zone 64

Remaining 75 

% in zone 57

57 0.1 19 60% Albumi 
75 % 

Maratea 

50%

Remaining 25 
% in zone 63 

Remaining 50 

% outside any 

zone

S.R.: Seismicity rates expressed in intensities (Number of events of intensity lo > IX in 100 

years).
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di Diano fault and the Albumi fault (see Fig. 11.1b). For example, the Vallo di Diano fault can 

potentially produce intensity IX shaking with seismotectonic zones 57 and 63. In this case, 

assuming that all earthquakes generated by the Vallo di Diano fault can also produce intensity 

IX shaking in zone 57, the seismicity rate for the 57 seismogenic zone will be increased by 

more than 150% to 0.27 (or 48 intensity IX events in IS kyrs) in contrast to the previous O.I 

seismicity rate (or 19 intensity IX events in 18 kyrs). One quarter of the Albumi fault is situated 

in the 63 seismotectonic zone, but the remaining part of the fault, which is located in zone 57, 

may produce intensity IX events also in the 63 seismotectonic zone. In this case, assuming that 

all earthquakes generated by the Albumi fault can produce intensity IX shaking in the 63 

seismogenic zone, the seismicity rate for the 63 seismogenic zone will slightly increase to 0.82 

(or 147 intensity IX events in 18 kyrs) in respect to the previous 0.76 seismicity rate.

This example shows that the choice of the location of the boundaries of seismogenic zones can 

have a significant effect on the estimated hazard at sites near those boundaries. The definition 

and selection of seismic source boundaries is often the most difficult and controversial part of 

this kind of seismic hazard assessment, because it is subjective and depends strongly on so- 

called “expert” judgement (Reiter, 1990; Bender and Perkins, 1993; Cobum and Spence, 2002). 

A boundary is usually defined where there are differences in the spatial density of earthquake 

data or where there is a variation in seismogenic properties (e.g. constraining extensional, 

compressional, strike-slip or volcanic areas). As a result, these areas represent a geographical 

region of some geological, tectonic and seismological similarity, within which earthquake 

characteristics are assumed to be uniform (Algermissen et al., 1982). However, the shaking 

frequency calculated for a site inside the source boundary of seismotectonic zone 57 or 64 will 

show significantly different shaking frequencies compared to a site situated a few km away, but 

into to the neighbouring 63 zone. Additionally, if the 57 to 63 zone boundary is shifted a few 

kilometres towards the west or the east, the seismicity rates for both zones will be influenced 

significantly. As a result, these seismogenic zone boundaries delineate an abmpt change of 

seismic activity rates at the boundaries, which results in an discontinuity, in the measured 

hazard. Thus, it is somewhat artificial to delineate exact boundaries between zones (Colbum and 

Spence, 1992; 2002).

In the Comell probabilistic approach followed by Slejko et al. (1998), there is a statistical 

treatment of earthquakes without considering the deformation rates extracted from geological 

data, which control the long-term pattem of seismicity. Additionally, it is assumed that future 

earthquakes will occur in clearly defined, seismically homogeneous seismogenic zones. The 

seismicity of each seismogenic zone is obtained after counting all the earthquakes within its 

boundary. With this approach, the only geological input is the specification of the sources; no
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information is used regarding the degree of fault activity except that inferred from the 

seismological record (Yeats et al., 1997). The seismogenic zoning concept does not address 

individual faults, so seismic source zones are areas of multiple faults, which consider a uniform 

recurrence rate for large earthquakes within the zone. However, in Chapters 4 , 5 , 7  and 9 it was 

demonstrated that the hazard distribution varies significantly not only over a few kilometres 

along the strike of individual faults, but also over tens of kilometres along the strike of the 

whole fault array due to fault interaction processes, a key observation that is currently ignored 

by seismic hazard maps based on historical seismicity. This slip-rate variability described in 

several chapters of this thesis, is in contrast to the assumption made in the Comell approach, 

presented by Slejko et al. (1998), that seismicity rates are uniform throughout the seismogenic 

zone. Figure 11.2 proves the above by showing how shaking frequencies vary within each of the 

three zones. Figure 11.2 shows that there is an abmpt change in shaking frequencies over short 

distances (in all three zones), whilst some localities will not shake at intensity IX, either because 

they are founded on bedrock or they are situated more that 12.5 km away from any epicentre.

Following the discussion of the previous paragraph, it is evident that these zones offer a low 

spatial resolution for the region of the southern Apennines. One then may suggest that the 

spatial resolution can be improved if the study area is divided into many small seismogenic 

zones. However, if the study area is divided into many smaller seismogenic zones then the 

magnitude frequency parameters extracted from each zone will be questionable. This occurs 

because there will be an insufficient number of earthquake events recorded in each zone to 

allow statistical analysis and support the seismic hazard evaluation in a reliable way. On the 

other hand, if the seismogenic zone is too large, the seismicity rate fluctuations within the zone 

would be artificially averaged. Therefore, in areas with high shaking frequencies (e.g. 

hangingwall centres of faults) the probability of earthquake recurrence would be 

underestimated, whereas in areas with low shaking frequencies (e.g. step-over zones) the 

probability of earthquake recurrence may be overestimated. Therefore, in this zoning approach 

there is always a dilemma concerning whether a region should be divided into large or small 

seismogenic zones. On the other hand, geological fault slip-rate data provide sufficient 

information on the spatial distribution of hazard that allow the construction of high spatial 

resolution seismic hazard maps (e.g. Fig. 11.2), without resulting to zones.

Herein it should be acknowledged that the approach followed in this thesis cannot yet be applied 

to the entire Italian territory. For example the method presented in this thesis cannot yet be 

applied in compressive, strike slip or areas of active volcanism, but only in normal faulting 

environments where fault geometry and deformation rates are well defined. Thus, the map 

presented by Slejko et al. (1998), despite the disadvantages presented in this section, is
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Figure 11.2 Seismic hazard map for the region of southern Apennines showing how many 

times a locality receives enough energy to shake at intensities >IX in 18 kyrs, assuming a 

circular pattem of energy release, a 12.5 km radius of isoseismal IX and a simple 

attenuation/amplification function where bedrock Mesozoic-Cenozoic limestones shake at a 

single intensity value less than the Quatemary/flysch/foredeep deposits at the same epicentral 

distance (similar to Figure 9.5). Dashed black lines show the boundaries of the three 

seismogenic zones presented in Figure 11.1. The thickness of the dashed black line represents 

the uncertainty in source location and the zone boundaries introduced in the hazard 

computation by Slejko et al. (1998). This figure shows that shaking frequencies vary 

significantly within each of the three zones. This is in contrast to the seismogenic zone 

concept, which assumes that seismicity rates are uniform within each zone.
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undoubted a useful tool for seismic hazard assessment and the only map which presently covers 

the entire Italian territory. This thesis proposes that in areas like Lazio-Abruzzo and the 

southern Apennines where the location, geometry and the deformation rates of normal faults are 

relatively well known, an alternative method can also be applied and elucidate the significance 

of existing methods.

11.3 COMPARISON BETWEEN THE EXCEL AND THE CIS MAPPING TECHNIQUE

Two different techniques of constructing seismic hazard maps have been presented in this study. 

In Chapters 6 and 7, hazard maps were constructed based on a manual counting technique, 

whose results were then inserted into Excel, whereas a GIS technique was presented in Chapter 

8 and applied in Chapter 9. In this section, the advantages and disadvantages of each technique 

are presented.

The main advantages of the Excel technique are that: i) it does not require special software or an 

in-depth knowledge of GIS; ii) it is a relatively simple process which offers a clear and 

trackable path so that errors can be avoided; iii) faults and thus their epicentres can be modelled 

as curved structures (thus limiting edge effects, see also Section 11.5); iv) it is a fast approach 

when the study area includes a small number of relatively low slip-rate faults.

The main disadvantages of this technique are as follows: i) it offers a lower spatial resolution 

than the GIS technique, because it is not feasible to calculate manually more than 2000-3000 

pixels; ii) it uses a less accurate methodology of distributing earthquake epicentres along strike 

of the faults (see Section 6.2), iii) it can at present incorporate only two bedrock categories, thus 

limiting the influence of bedrock geology to the final results; vi) it does not easily facilitate 

sensitivity analysis; and v) no other type of information can be easily overlain such as 

population density, which can be proved useful for emergency planning or cost evaluation 

processes and vi) it produces poor quality maps, which have to be redrawn in a graphics 

package.

GIS is essentially a series of computer software applications that allows the user to manipulate 

spatially registered, geographically referenced features and associated attributes (Petersen et al., 

1997). Thus, the process of overlaying various geologic and intensity hazard maps for 

individual site conditions can be optimally performed in a GIS environment.
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The main disadvantages of the GIS technique are as follows: i) it requires access into a GIS 

package and an in-depth knowledge of the GIS software (ArcView and particularly Arc/Info); 

ii) it is a complicated spatial operation whose results cannot be easily traced introducing a 

higher risk for errors; iii) faults are modelled as straight lines.

The main advantages of the GIS are as follows: i) it allows analysis of a finer grid, offering high 

spatial resolution, thus potentially increasing the accuracy of the final results; ii) it uses a 

methodology that produces a more realistic epicentre distribution along the strike of faults; iii) it 

can incorporate more than two bedrock categories, thus enabling the utilization of different 

attenuation/amplification scenarios; iv) it facilitates valuable processes such as the sensitivity 

analysis to be performed quickly without re-calculating and re-locating the modelled epicentres; 

v) it is specially designed to handle spatial information and thus it can easily calculate the areas 

and lengths of geometric features or compare maps with different input parameters; vi) it can 

overlay other types of data either geologically related, including aspects of geological 

engineering, so as to identify localities susceptible to landslides and liquefaction phenomena, or 

other data such as population density offering also a multidisciplinary approach; vii) it provides 

a high quality presentation map; and viii) the database and thus the hazard maps developed in a 

GIS package, can be easily updated or modified as soon as new information becomes available.

Despite the above, it should be noted that the scientific methodology followed behind both 

techniques is essentially the same (described in 8 steps in Section 6.2), so the final results are 

expected to be relatively similar. In summary, following this discussion it is evident that the GIS 

technique has considerably more advantages and capabilities to offer than the Excel technique 

and thus, it should be preferred. However, in areas where there are a small number of relatively 

low throw-rate faults and the bedrock geology is relatively simple (one or two main bedrock 

categories), the manual counting and the Excel technique, could be a faster and simpler 

approach to follow.

11.4 COMPARISON BETWEEN MEASURED AND PREDICTED THROW-RATES

In the thesis, the equation that predicts slip-rates proposed by Cowie and Roberts (2001), has 

been used twice, once in Lazio-Abruzzo, (Chapter 4) and once in the southern Apennines 

(Chapter 5). Therefore, two independent methods of deriving fault throw-rates have been used 

(measured values extracted from paleoseismological data and predicted values extracted from 

the equation E=2Ri/Li) and the results compare well. In Chapters 7 and 9 seismic hazard maps 

constructed based on the predicted throw-rate values are very similar to the hazard maps based
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on measured throw-rate values. In particular, in Chapter 9 (Section 9.4) it was demonstrated that 

the assumptions made concerning the selected intensity radius have a significantly higher effect 

on the final results than the choice made between measured and predicted throw-rate values.

This is important for three reasons. Firstly this suggests that the measured values are sensible 

values in that they are not inconsistent with the idea of fault growth in a manner that provides 

sensible D/L scaling relationships. For example, if measured values are very different to the 

predicted values, they are unlikely to be correct, because they will produce a D/L pattem that 

does not accord with the global D/L pattem according to which central faults that form part of 

an interacting array have higher ratios. Thus, this agreement between measured and predicted 

throw-rates provides a greater degree of confidence to the described deformation rate pattem, 

and thus to the seismic hazard assessment of the study areas. Secondly, the results imply that the 

deformation rates of faults are controlled by the same factors which produce the global fault 

scaling relationship; d = yL. Thirdly, it suggests that under certain circumstances this equation 

can be used in areas where the fault geometry is known, but deformation rates are not, to gain 

relative throw-rates.

There are limitations with the application of the equation. It requires a well-known fault 

geometry in a fault array of interacting faults. Thus, there should be some indications of fault 

interaction before applying the equation. Additionally, an underlying assumption is that 

interaction begins simultaneously along the length of the entire array. Finally, it covers only the 

major faults; thus it does not consider the hazard posed by secondary stmctures. Therefore, 

segment boundary, release and antithetic faults are excluded from the calculation. These faults 

represent second order stmctures, are usually limited in length, and their slip-rates are a small 

portion of that of the main faults so their exclusion has little impact on the hazard pattem (e.g. 

the antithetic Irpinia fault). However, sometimes these faults could pose a considerable threat, 

particularly when they are linked to major faults that exhibit relatively high slip-rates (e.g. 

Campo Felice, Velino Magnola or Gioia Vecchio segment boundary faults in respect to the 

major Fucino fault).

Another key issue in the calculation, is the modification of the enhancement factor (E=2Ri/Li) 

proposed by Roberts et al. (in press) so as to deal with parallel active faults (see Section

4.3.2.1). Parallel faults will slip less often than an equivalent single fault because they will share 

the strain across the region. The effect will presumably be most marked when faults are closely- 

spaced and their overlap is greatest. Roberts et al. (in press) use an approximation and suggest 

that if two or three faults exist less than 15 km across strike and overlap by more than 50% of 

the fault lengths, the enhancement factor for each of these two or three faults should be
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multiplied by 0.5 or 0.33 respectively. However, since it is relatively unknown how two or more 

parallel faults will share the strain there may be a potential source of error in this calculation and 

this needs further work (Roberts et al., in press).

In conclusion, this equation, in addition to direct field measurements, can produce independent 

constraints on fault slip-rates by considering how faults grow over their entire lifetimes (Cowie 

and Roberts, 2001). Thus, it can also validate whether measured values extracted from field 

studies and their fault patterns are realistic or not and cover existing gaps within measured fault 

slip-rate databases (e.g. Calabria, Umbria).

11.5 CRITICAL ASSESSMENT OF THE METHOD

11.5.1 ADVANTAGES

A new type of seismic hazard map has been constructed and presented in this thesis that is based 

only on geological fault slip-rate data and not on historical/instrumental seismicity catalogues as 

is usually the case. Geological data can extend the history of earthquakes on a fault back many 

thousands of years (Prentice and Yeats, 1996). As a result, geological fault slip-rate data 

averaged over time periods, which include numerous seismic cycles, constitute one of the 

critical tools required to assess seismic hazard in an area. Geologic fault slip-rate data can not 

only eliminate the incompleteness and the temporal clustering problems associated with most 

seismic hazard maps, but can also provide high spatial resolution since they sample much 

greater periods of time and hence more putative earthquakes.

Existing seismic hazard maps suffer from five major disadvantages that were presented in 

Section 3.2.2. The method applied in this thesis addresses all five of the disadvantages in a 

satisfactory way and offers also some additional capabilities that can be proved useful for 

seismic assessment purposes.

In particular, the method presented in this study:

a) offers a hazard map and site-specific shaking recurrence intervals for every location, 

averaged over 18,000 years, a time period long enough to eliminate both the incompleteness of 

the historical record (see disadvantage (1) in Section 3.2.2.) as well as the temporal clustering 

problems (disadvantage (2) in Section 3.2.2.);

b) offers a map which shows the influence of bedrock geology on the intensity distribution 

(disadvantage (4) in Section 3.2.2) and can incorporate different attenuation/amplification
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scenarios in contrast to existing seismic hazard maps that are developed only for one specific 

site condition;

c) quantifies the hazard variability along-strike of every fault, providing a more realistic hazard 

interpretation;

d) offers a locality specific rather than a fault specific hazard assessment and this is important in 

low across strike fault spacing settings such as Lazio-Abruzzo, where the hazard results from 

the combined effect of several faults;

e) provides high spatial resolution of hazard with earthquake shaking frequencies changing 

every few kilometres (disadvantage (3) in Section 3.2.2);

f) offers a hazard map, which integrates shaking frequency data from two or three different 

macroseismic intensity values (Section 9.3.1.3);

g) presents shaking frequencies of a fixed intensity based on geological fault throw-rate data, 

which can be compared with the historical record in order to assess whether certain regions are 

ahead or below their longer-term seismicity rates, thus helping differentiate areas that are 

currently in a cluster of earthquakes from areas that are currently in an anticluster (see Section 

9.6);

h) it offers a hazard map that is not based on subjective “expert judgement” and does not suffer 

from all the problems associated with the delineation of seismic source zones (see Section 11.1);

i) provides recurrence intervals averaged over 18 kyrs, which can be used not only for the 

calculation of time independent probabilities (Poisson probabilities), but in combination with 

the historical record can also calculate conditional time-dependent probabilities for the 

following year, decade, 30 and 50 years respectively (see Chapter 10) that is convenient time 

periods for planning and insurance risk evaluation purposes. Time-dependent probabilities 

incorporate the most basic physics of the earthquake cycle in contrast to the time independent 

Poisson model (disadvantage (5) in Section 3.2.2).

11.5.2 LIMITATIONS

There are limitations with this method. In particular: i) it applies only to normal faulting 

tectonic environments at present; ii) it requires well defined seismic sources (well known fault 

geometries); iii) it requires knowledge of fault slip-rates, which can be difficult to collect; iv) it 

fails to incorporate blind faults or faults that do not break the surface, and even though such 

faults can generate only moderate earthquakes (Ms=5.5-6.0) they can cause, under certain 

circumstances, significant damage (e.g. the 2002 Molise Mw=5.7 earthquake in Italy, which 

caused 26 fatalities).
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11.5.3 UNCERTAINTIES AND ERRORS

There are various sources of uncertainty and error, some of which are very difficult to quantify. 

Uncertainty stems from throw-rates, the fault geometry, the attenuations/amplification 

relationships, the earthquake occurrence model used and the rupture dimensions. In most other 

seismic hazard maps there is also an uncertainty in the identification of seismic sources. 

However, no such uncertainty exists in this study, because all active faults are well defined and 

far as the fault length is concerned the estimated error does not exceed 10-15% of the total 

length.

All sources of uncertainty have some influence on shaking frequencies, but the results are 

particularly sensitive to 2 key parameters. These are the throw-rates and the dimensions of 

modelled isoseismals. The error on the throw-rates is about ± 20 % (see Sections 4.3.1.1.2 and

5.3.1.1.1), which is regarded here to be as a relatively low value. The presented seismic hazard 

maps are highly sensitive to the dimensions of modelled isoseismals. Chapter 9 shows that the 

error introduced by the implied uncertainty in the dimensions of modelled isoseismals is 

significantly bigger than the fault throw-rate error. This is remarkable because it shows that 

input parameters such as the isoseismal dimensions which themselves are derived from 

attenuation relationships, influence the results more significantly than the uncertainty implied 

from the fault throw-rate data which govern the earthquake recurrence. Therefore, further 

evaluation that could constrain the isoseismal dimensions and the attenuation relationships will 

prove beneficial in limiting the uncertainties implied in the seismic hazard analysis for the 

regions of central and southern Apennines.

In the Apennines there is a relatively good history of macroseismic intensity recordings, which 

allowed the compilation of regional attenuation relationships (Cobum et al., 1988; Grandori et 

al., 1991), These regional attenuation relationships were preferred in this study compared to the 

worldwide attenuation relationships (e.g. Ambraseys and Simpson, 1996) because they are 

regarded as more representative of the local geotectonic and source to site wave propagation 

conditions (e.g. Algermissen et al., 1982). The complication and uncertainty in earthquake 

ground motion (and consequently the attenuation/amplification relationships used) comes from 

several factors, which are critical but not accurately known, and are described extensively in 

Section 3.4. These vary from source-to-source, path-to-path and from site-to-site introducing a 

large scatter in numerical values of ground motion (Hu et al., 1996). Moreover, some of these 

factors are "highly interdependent" making it difficult to separate near surface effects from 

deeper basin effects (Field et al., 2000). Recent studies on the prediction of ground motion and
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the site effects suggest that site response has a large intrinsic variability with respect to source 

location (Hartzell et al., 1997). The intrinsic variability is caused by basin-edge induced surface 

waves, focusing and defocusing effects and scattering in general that cannot be reduced in any 

model (Field et al., 2000). If this is the case in the Apennines, there is little hope that the 

uncertainties implied by the attenuation/amplification relationship can be reduced in a 

significant way. This also shows that even if more accurate throw-rate values are extracted, they 

will have little impact on the final results.

Sensitivity analysis also illustrates that by modifying the dimensions of the isoseismals, 

frequency values are altered in a non-spatially uniform way. In particular, by implementing 

larger isoseismals (from 12.5 km to 20 km radius), there is a 156% increase in the area occupied 

by every isoseismal (1256 km^ instead of 491 km^), but in some localities frequency values are 

increased by as maximum as 1000%, whereas others are increased only by 10-20% and others 

are not influenced because they are founded on bedrock and/or are situated far away (more than 

20 km) from any epicentre. Therefore, it is clear that by extrapolating the 156% increase of the 

area affected from a single isoseismal, uniformly to the entire map, a false hazard map will be 

produced. The latter demonstrates that no such extrapolation should be attempted and implies 

that no systematic error quantification involving the entire map can be made.

One way to deal with these problems and calculate an error is to construct several maps of the 

same area, using different input parameters and then comparing the differences in shaking 

frequency values for the same localities so as to define which locations will be influenced the 

most and obtain a complete view of the modifications induced to the final results. Therefore, in 

this case, no systematic error involving the entire map can be estimated, but the error can be 

calculated separately for each locality. The sensitivity analysis performed in Section 9.4 shows 

an example of this.

The estimated spatial error on the hazard maps is around 2.5 km for the central Apennines and 1 

km for the southern Apennines. This difference in spatial resolution occurs because a 

significantly higher number of pixels have been used in the southern Apennines compared to the 

central Apennines. However, when using a geological map to classify sites, it is possible that 

the geological units displayed on the map are covered by thin Quaternary sediments that are not 

depicted on the map. Therefore, mapped geological units do not always reflect accurately the 

upper few meters of surface geology, but these upper few meters are very important in terms of 

site amplification and the impact on the hazard distribution. Moreover, an error is also 

introduced because Quaternary sites may be too small to be represented in a 1:500000 scale
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map. As a result, there is always a possibility that some sites may have been mis-classified. This 

situation can be improved if geological maps with higher spatial resolution are introduced.

Another uncertainty concerns the rupture dimensions of a Ms 6.5 event where there is a 

significant variability (see Section 6.4.1) and particularly the use of a characteristic earthquake 

magnitude. It is acknowledged that even though a characteristic magnitude is used, each fault 

may produce a variety of earthquakes. However, the magnitude range of the characteristic 

earthquake is about one half-magnitude unit (Youngs and Coppersmith, 1995), implying that the

6.5 value can be regarded as a mean value of a wider range of magnitudes (this is explained 

more extensively below).

Overall, two models are usually considered to partition the slip-rate into various magnitude 

earthquakes: an exponential distribution and a characteristic earthquake distribution. Large 

regions, which typically contain a number of faults, usually display exponential recurrence 

behaviour (Youngs and Coppersmith, 1985; Wesnousky, 1994). However, there is increasing 

evidence that the characteristic magnitude earthquake model is more appropriate for individual 

faults than the exponential magnitude distribution (Youngs and Coppersmith, 1985; 

Wesnousky, 1994; 1999; Yeats et al., 1997; USGS 1999). Therefore, if a seismic hazard 

analysis is intended to have fault specific seismic sources, then it may be most appropriate to 

model the recurrence behaviour based on the characteristic earthquake model (Youngs and 

Coppersmith, 1985; WGCEP, 1990). The common approach in this case is described by Youngs 

and Coppersmith (1985) who separated fault seismicity into characteristic events with 

magnitudes distributed around a central value and smaller earthquakes following a G-R 

magnitude size distribution (Fig. 11.3).

Even if a fault of a given area ruptures repeatedly, there will be some variation in magnitude 

about its mean due to variations in factors such as the earthquake stress drop (e.g. Scholz, 

2002). As also shown in Section 6.4.1 there are significant variations between surface faulting 

parameters and earthquake magnitude. USGS (1999) assumed an intrinsic variability in 

magnitude for a given area represented by a normal distribution about the mean magnitude with 

a standard deviation of 0.12 (Fig. 11.3). The USGS (1999) describe the natural random 

variability in magnitude as a normal distribution around the mean defined by +/- two standard 

deviations (o). As a result, they assume that a rupture source of a given area will produce 

earthquakes that vary in magnitude over a range of 0.48 magnitude units. A similar approach 

is followed in this thesis, but the standard deviation (o) in magnitude is being set as 0.2, so 

that a rupture source will produce earthquakes of magnitude 6.5 ± 0.4 (Fig. 11.3). USGS (1999) 

in most cases estimated the mean magnitude of each rupture source as a function of its
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Figure 11.3 Frequency magnitude density function for the characteristic earthquake model 

distribution used in this study. USGS (1999) assumed an intrinsic variability in magnitude about 

the mean magnitude defined by +/- two standard deviations with a o value of 0.12. In this study 

the characteristic rupture has a mean magnitude of Ms=6.5 and a natural random variability in 

magnitude represented by a normal distribution with a standard deviation of 0.2. As a result, 

each fault ruptures: i) in floating earthquakes (i.e. ruptures that can occur anywhere along the 

fault), which are distributed around a mean magnitude of Ms=6.5 ± 0.4 and ii) in smaller 

earthquakes following a G-R magnitude size distribution with magnitudes exponentially 

distributed up to magnitude 6. This model is originally based on the characteristic earthquake 

distribution model proposed by Youngs and Coppersmith (1985).
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seismogenic area; therefore the mean magnitude is different from fault to fault and segment to 

segment. However, this study used the same mean magnitude irrespective of the fault area. This 

occurred not only for simplicity reasons, but also because the faults in the Apennines cannot be 

easily divided into segments (compared to the well-defined strike-slip segmentation pattem of 

the San Andreas fault used by the USGS 1999) without avoiding any subjective decisions over 

segmentation. Additionally, as described in Section 2.3 earthquakes may respect none of these 

features so that segmentation can be uncertain. However, this approach of using the same mean 

magnitude irrespective of the fault area, is not new and has already been used by USGS (1999) 

who also modelled floating rupture sources (i.e. mptures that can occur anywhere along the 

fault) for those faults that have not been divided into segments. USGS (1999) defined these 

ruptures as “floating earthquakes”, which represent earthquake ruptures of specified size on 

fault segments whose boundaries are unknown. To summarise, in this study each fault ruptures: 

i) in floating earthquakes which are distributed around a mean magnitude of Ms=6.5 thus 

including a higher range of magnitudes (Ms=6.1-6.9) and ii) in smaller earthquakes following a 

G-R magnitude size distribution with magnitudes exponentially distributed up to magnitude 6.

However, in this study these exponentially distributed earthquakes have not been modelled 

because surface throw accumulation will certainly be dominated by the large magnitude events 

and earthquakes with magnitude < c. Ms 5.5 are unlikely to break the surface (Michetti et al., 

2000a). Additionally, earthquakes of magnitude < Ms 6 are usually poorly expressed as 

discontinuous traces or fractures showing inconsistent or no net displacement and are 

characterised by much shorter surface ruptures than the source length defined by aftershocks 

(Bonilla et al. 1984, Darragh and Bolt, 1987; Bonilla, 1988; Slemmons et al., 1989). However, 

this modelling procedure will fail to model earthquakes of M=7.0 magnitude, which is regarded 

by some as the maximum expected magnitude in the Apennines (e.g. Valensise and Pantosti,

2001). However, there are only a small number of faults that can generate M=7 events. In 

particular, only four faults (Liri, Fucino, L’ Aquila and Scurcola) in the central Apennines and 

three faults in the southern Apennines (VaP D’ Agri, Vallo di Diano and Maratea) are long 

enough (> 35 km) to be capable of generating earthquakes of Ms 7.0. However, several 

examples of surface faulting events have shown that earthquakes in most cases rupture only a 

portion of the entire fault length (e.g. Crone and Haller, 1991; Sieh, 1996,). Therefore, even 

though this technique will fail with Ms-7 events, their numbers will be limited and they will 

have little effect on the first order spatial pattem of hazard.

Despite the discussion above one could potentially apply the Gutenberg-Richter distribution 

instead of the characteristic model applied previously. In that case, one would not use the same 

characteristic magnitude for all the earthquakes generated by the fault, but the fault deformation
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history would be described by a number of earthquakes with different magnitude, which follow 

the Gutenberg-Richter distribution. Different magnitude earthquakes represent different 

amounts of energy release; hence they have different rupture dimensions, leading to different 

sized triangles. The main problem concerns how the differential size triangles, which represent 

earthquake ruptures, should be placed inside the large fault triangle that represents the 

postglacial fault throw. This is essential because the position of the earthquake ruptures 

determines the epicentres and the isoseismals locations and thus the shaking frequency 

distribution. Moreover, since different magnitude earthquakes produce different isoseismal 

dimensions, one would have to incorporate several earthquakes with different isoseismals, thus 

increasing the complexity of the process.

Finally, uncertainties in the probabilistic assessment have been described extensively in Chapter 

10 and are not repeated here.

Overall, it is concluded that the uncertainties in the hazard maps can be reduced significantly 

only if more accurate attenuation/amplification relationships are used, which could limit the 

uncertainty in the selected intensity radius. However, since these relationships are based on 

historical data, there is little hope that in near future these values can be further constrained to 

such a degree so as to limit the implied uncertainties in a significant way.

11.5.4. IMPROVEMENTS AND FUTURE DIRECTIONS

This section addresses several possible improvements concerning the hazard maps that could 

provide more accurate results and extend their capabilities. For example, the methodology 

described in the thesis could also potentially be applied in strike slip and reverse faulting 

environments. In that case the epicentre locations would have to be relocated in respect to the 

fault trace and a different damage pattem will emerge. Indeed, in strike slip faulting the zone of 

ground disturbance is usually much less extended compared to the dip slip faulting where the 

damage distribution is spread (by local ground sliding, cracking and slumping) over a relatively 

wide zone along the fault itself (Bolt, 1999).

Another possible improvement concerns the use of attenuation functions related to distance and 

the underlying geology in order to calculate the peak horizontal and vertical acceleration for 

each pixel. In particular, attenuation functions related to epicentral distance and bedrock type 

(e.g. Ambraseys and Simpson, 1996) would have to be calculated for every pixel for each of the 

hundreds of implied earthquakes in the 18 kyrs time period considered. The alternative way is to
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convert the intensity values into peak acceleration values, but as discussed in Section 3.4, there 

is a large variability that does not allow a reliable correlation between intensity and the peak 

acceleration to be established. Overall, peak ground acceleration measurements are very 

complex, are influenced by more factors than intensity measurements (see Section 3.4) and 

require an in-depth knowledge of earthquake engineering.

The hazard map can also incorporate potential secondary effects that might be triggered by an 

earthquake such as the number and/or the volume of suspected landslides and rockfall localities 

in the area. For example, the 1980 Ms=6.9 Irpinia earthquake sequence generated 199 

landslides, distributed over an area of 22,000 km^, with most of them (81%) occurring within a 

distance of 30 km (Porfido et al., 2002). Additionally, localities prone to liquefaction and severe 

shaking due to steep topography or subbasin focusing could also be identified. In these cases, 

geotechnical information including soil depth and rock fragmentation, the level of the water 

table, the vegetation coverage and elevation, could be stored in the GIS database so as to 

identify the most vulnerable areas. Additionally, layers representing subsurface geological units 

can be added as coverages or shapefiles in the GIS and generate a simplified 3D geological 

model. This model could help constrain the effect of the propagation path on the intensity 

distribution.

The maps presented in this study offer high spatial resolution and thus can be easily 

incorporated into the development of emergency response plans or pre-emergency defence 

measures (e.g. land use planning). Hence, additional data such as population density, transport 

maps, infrastructure information (such as hospitals and critical industrial facilities), an inventory 

of build environment and even economic indicators such as the Gross Domestic Product (GDP), 

can be overlain in order to assess also the socio-economic effects.

In this method a point source pattem of energy release has been used that may not be in 

agreement with the actual pattem of energy release along a fault during an earthquake (Bender 

and Perkins, 1993). However, the majority of computer programs used for computing 

probabilistic ground motion such as the EQRISK (McGuire, 1976) and the SEISRISK III 

(Bender and Perkings, 1987) assume that the energy release during an earthquake is 

concentrated at a point. Moderate earthquakes have limited sources; the mpture length is short 

and usually their isoseismals are sub-circular. Indeed, most available intensity attenuation 

relations consider circular isoseismals, which are applicable for earthquakes up to M=6.5 (Hu et 

al., 1996). However, very large earthquakes have in general extended sources with one 

horizontal dimension much longer than the other and the isoseismals are usually elongated or 

elliptical (Hu et al., 1996). Thus, it is not easy to decide whether circular or elliptical
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isoseismals are better representations of the modelled isoseismal pattem for M=6.5 events. 

Since the fault rupture length (15 km) is smaller than the diameter of the isoseismal (25 km), the 

error introduced is estimated to be small. Isoseismals in Italy tend to be elliptical in shape and 

are elongated parallel to the fault strike in a NW-SE direction (Tertulliani et al., 1992). 

However, the elliptical shapes are the result of attenuation of seismic energy by 

Mesozoic/Neogene bedrock and amplification in Tertiary foredeep flysch or Quaternary 

extensional basin-filling sediments (Roberts et al., in press). The ellipses result from the fact 

that the Quaternary basins are generally elongated in the direction of fault strike and that the 

rupture has a finite length. However, in order to give a more realistic pattem of intensity 

distribution along active faults and also test the altemative case, the shape of modelled 

isoseismals could be modified so as to use elliptical rather than circular isoseismals. In this case 

information on the long and short radii would be required. This information is available for the 

region of Calabria and Sicily (Maugeri et al., 1993), but this is not the case for the central and 

southem Apennines.

In the hazard maps presented in this study the bedrock geology is divided into 2 or 3 units 

following the most basic breakdown of geological categories (Quatemary, Tertiary i.e. 

flysch/fordeep. Bedrock i.e. Cenozoic-Mesozoic limestone). However, it is clear that the 

bedrock geology is more complex in the central and the southem Apennines and it is commonly 

accepted that there is a significant variability within these categories and particularly within 

Tertiary sedimentary rocks and Quatemary deposits (e.g. Wills et al., 2000). Therefore, a new 

bedrock categorization can be developed by distinguishing more geological units in order to 

provide a more accurate attenuation/amplification function. For example, this can be achieved 

by grouping geologic units with similar shear-wave velocity characteristics (such as Vŝ °). 

is the shear wave velocity over the upper 30 m (see also Section 3.4), which is the typical depth 

of borings constmcted for engineering site investigations and it has been found that it is a major 

influence on ground motion (Borcherdt et al., 1991; Borcherdt and Glassmoyer, 1994; Wald and 

Mori, 2000). In this case, a large dense database of velocities is required.

One of the problems described in Chapter 9 concemed the edge effects observed near the 

isoseismal boundaries. In particular, in some regions of the hazard maps there is an abmpt 

variation of shaking frequency values over short distances, which results in an artificial 

discontinuity in the hazard map. These undesirable edge effects result from the overlay of 

discrete objects and delineate the isoseismal boundaries. These edge effects are common 

features in most seismic hazard maps and appear when adjacent seismogenic zones enclose 

areas of significantly different seismicity rates (see also the discussion about the seismogenic 

zone boundaries in Section 11.2). Recent studies try to avoid the problems of source zone
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boundary by using a spatially smoothed measure of source zone seismicity (e.g. Frankel et al., 

2000). In a method proposed by Frankel (1995) the seismicity is spatially smoothed with a 

Gaussian smoothing function so that the seismicity rate changes within each cell. However, 

other workers have used different smoothing techniques (e.g. the WGCEP 1995, used 1/r in 

which r is the distance parameter). Therefore, in order to avoid these edge effects on the hazard 

maps presented in this study a similar smoothing procedure can be applied, which would allow 

seismicity to vary smoothly rather than abruptly. However, it has to be mentioned that since this 

is artificially made, it does not improve our knowledge about the hazard pattem and highlights 

once again the importance of the attenuation/amplification relationships in correctly quantifying 

the hazard.

Other candidate regions for applying this methodology are the Basin and Range, where a large 

paleoseismological database exists (e.g. McCalpin and Nishenko, 1996) and the Corinth Gulf 

where several workers have focused their attention on extracting deformation rates either 

through trenching (e.g. Collier et al., 1998) or mainly from offset marine terraces (Collier et al., 

1992; Armijo et al., 1996). However, in the Corinth Gulf the only way to deduce slip-rates 

covering a long time period, is from uplifted Quatemary marine terraces situated on the footwall 

of the faults (Morewood and Roberts, 1999; Houghton et al., 2003). In these cases, even though 

the uplift rate can be easily calculated, there is no information available for the hangingwall, 

therefore fault slip-rates cannot be determined unless the value of the uplift hangingwall ratio is 

accurately known.

11.6 OVERVIEW

It is sensible to seek results from different methods or pathways to gain a hazard evaluation and 

not accept one route as ideal (Burton, 1990). This thesis has developed a new pathway, which 

under certain circumstances can lead to more reliable results than existing maps based on 

historical seismicity. However, based on the limitations described above (Section 11.5.2) it is 

clear that this method, as it stands, it will not be able to offer an altemative approach in a 

number of earthquake prone areas. This occurs because currently it cannot be applied to plate 

boundary faults, in thrusting and strike slip tectonic settings, or for faults that do not mpture the 

surface (e.g. deep earthquakes generated below the seismogenic layer). Additionally it requires 

a well defined fault geometry and slip-rate evaluation that in many places this is difficult to 

obtain. Despite the above, as more paleoseismic fault specific data are gathered through time, 

this method may become increasingly important as an altemative pathway, particularly in 

intraplate plate boundary related faults that have slip-rates in the range of 0.1-10 mm/yr and
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recurrence intervals in the range of 100-10000 years. These shallow earthquakes occur in broad 

zones near plate boundaries or in diffuse plate boundaries and back arc provinces (e.g. Scholz,

2002). These settings are of great importance in terms of seismic hazards due to their proximity 

to human habitation.

Overall, modem seismic hazard assessment can be regarded as a multi-disciplinary subject 

because a large number of different themes are involved ranging from structural geology, 

seismology, geomorphology, mathematics and probabilistic studies, to earthquake engineering 

and GIS techniques. As a result, this thesis deals with most of these subjects and even though it 

can not offer an in-depth detailed study on all of them, due to lack of expertise in some of these 

topics (e.g. earthquake engineering), it incorporates their basic concepts and thus provides a first 

order pattem of hazard.
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CHAPTER 12 - CONCLUSIONS

Sixteen and ten major active normal faults have been described in the tectonic settings of the 

central and southem Apennines, respectively (Section 4.3.1.2 and Section 5.3.1.2). All faults 

described in this thesis are capable of hosting large magnitude surface mpturing earthquakes, 

due to their lengths which are in the range of 20-45 km. Deformation rate data collected in this 

study are averaged over 18 kyrs, and represent the long-term seismic behaviour of faults in this 

region more completely than the historical/instmmental earthquake record, which does not 

include mpture of every fault for which post-glacial surface fault slip has been demonstrated.

Analyses of deformation rate data for the central and southem Apennines indicate that faults are 

interacting and form soft-linked normal fault arrays about 158 km and 175 km in length, 

respectively (Section 4.3.1.3 and Section 5.3.1.3). Summed throw-rates on faults imply 

maximum extension rates of 3.9 ± 0.8 mm/yr across the central Apennines (Section 4.3.1.4) and 

maximum extension rates of 1.1 ± 0.25 mm/yr across the southem Apennines (Section

5.3.1.3.2). Throw-rates and thus, seismic hazards vary along the strike of the central and 

southem Apennines over 2 length scales. Firstly over a 20-45 km length scale along individual 

faults and secondly along the strike of both the 158 and 175 km long soft-linked fault arrays, 

exhibiting higher throw-rates close to their centres that diminish towards their tips. This is in 

contrast to existing seismic hazard maps where the hazard distribution within the seismic zones 

is assumed to be uniform (e.g. Slejko et al., 1998).

Finite throws on individual faults summed across strike of the southem Apennines exhibit 

maximum values of 3100 ± 700 m of finite throw towards the centre of the array, diminishing to 

zero both NW and SE along the strike of the fault array (Section 5.3.1.3.1). Additionally, faults 

with the greatest finite throws are also positioned in the centre of the array indicating that 

interaction started early during fault evolution. Based on the ratio of present day throw-rates to 

finite throw values and assuming that faults initiated synchronously, a fault initiation age of 2.5- 

3 Myrs, is proposed for the region of the southem Apennines (Section 5.3.1.3.4). An initial 

stage of self similar fault growth was of short duration followed by a prolonged second stage of 

fault interaction, with the development of considerably higher finite throws and throw-rates on 

centrally located faults. In the southem Apennines fault interaction started very early, in the first 

20-30% of the deformation history (around 2 Ma) and lead to a localised fault array (Section

5.3.1.3.5.3). This is a different fault growth history than for Lazio-Abmzzo, where interaction, 

according to Roberts and Michetti (in press), initiated fairly recently around 0.7 Ma (or 70-80% 

of the deformation history) and the faults are more widely distributed across strike.
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A comparison between geologically and geodetically determined rates for Lazio-Abruzzo shows 

that the preferred geological rate is about one third of that inferred by geodesy (Section

4.3.1.4.2). This discrepancy between geodetic and geological fault slip-rate data, implies that 

one has to be cautious, wherever uses GPS data for seismic hazard assessment purposes or when 

attempting to reconstruct the tectonic processes in a area, because geodetic data may be 

unrepresentative of the longer-term deformation rates (Section 4.3.1.4.4).

A new technique for constructing seismic hazard maps from geological fault throw-rate data has 

been presented (Section 6.2). According to this technique throw-rates are converted into 

earthquake frequencies using established empirical relationships and are then used to create 

seismic hazard maps. This technique can either be applied manually and then imported into 

Excel in order to map the hazard (Section 6.3), or preferably imported into a GIS, which offers 

more capabilities and greater power for manipulation and analysis of data, providing higher 

accuracy and higher spatial resolution (Sections 8.5 and 8.6). Moreover, this technique offers a 

map, which shows the influence of bedrock geology on the intensity distribution and can 

incorporate different attenuation/amplification scenarios.

Two independent methods of obtaining throw-rate data have been used (measured and predicted 

values). Measured throw-rate values are extracted from geomorphic and paleoseismological 

data and predicted throw-rate values are extracted from the equation presented by Cowie and 

Roberts (2001), which is based on fault scaling arguments and predicts extensional deformation 

rates over long time periods (lO' -̂lO  ̂yrs). Therefore, two independent data sets have been used 

to produce seismic hazard maps for the regions of central and southem Apennines and both lead 

to similar results (Section 4.3.2, Section 5.3.2). Neither uses earthquake frequency data from 

instmmental/historical seismicity because such records for this region are too short for a full 

pattem of fault-slip to have emerged. This suggests that the measured values are sensible values 

in that they are not inconsistent with the idea of fault growth in a manner that provides sensible 

D/L scaling relationships and offers a greater degree of confidence to the described deformation 

rate pattem and thus to the seismic hazard assessment of the study areas. This similarity 

suggests also that this equation can validate whether measured values extracted from field 

studies and their fault pattems are realistic or not and cover existing gaps on measured fault 

slip-rate databases (Section 11.4).

A new type of seismic hazard map has been developed in this study, which integrates frequency 

data from two or three different macroseismic intensity values into a single map (Section

9.3.1.3). These maps show the maximum shaking intensity that a locality will experience after 

attenuating/amplifying with the bedrock geology as well as the frequency of events on the same
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locality. This technique shows that geological data can not only provide maximum expected 

shaking intensities within an area (Section 7.2, Section 9.2), but also offer a quantitative 

assessment through the quantification of the long-term timescale of earthquake occurrence that 

can be extracted from geologic fault throw-rate data (Section 7.3, Section 9.3). Geologic fault 

throw-rate data sample much greater periods of time, providing a more reliable estimate of 

hazard and higher spatial resolution than the historical earthquake record. In particular, 

recurrence intervals extracted from the maps are averaged over 18 kyrs, a time span that 

encompasses many earthquake cycles, eliminating both the incompleteness as well as the 

temporal clustering problems associated with the historical earthquake records.

This study provides maps showing how many times each location will be shaken by intensities 

>IX or >VIII in 18 kyrs (Section 7.3, Section 9.3). The maps show that some areas in Lazio 

Abruzzo are likely to receive enough energy to shake at intensities >1X, about 100-120 times, 

whereas the maximum shaking frequency values in the southem Apennines are around 30-36 

times at intensities >1X and 70-80 times at intensities >V111. At the same time, some 

neighbouring areas will shake only 10-15 times in 18 kyrs and some others will never shake at 

such intensity levels because they are founded on bedrock. Hazard maps from both areas are 

considerably different from existing seismic hazard maps and demonstrate that hazard 

distribution varies significantly over short distances due to fault throw-rate variations along 

strike or changes in bedrock geology (Section 11.2).

The hazard maps presented in Lazio-Abmzzo have shown that it is not only fault throw-rates 

that govern the hazard distribution, but also the fault geometry and the fault spacing. Even 

though a six fold increase is evident in the maximum fault specific throw-rates between distal 

and central faults, there is a 12 fold increase in shaking frequency (Section 7.4). This occurs 

because modelled isoseismals from neighbouring faults overlap and areas of high shaking 

frequency result from the combined effect of different faults. These hazard maps suggest that 

this technique can be successfully applied in areas like Lazio-Abruzzo, which are characterised 

by low across strike fault spacing (10-20 km).

Seismic hazard maps are sensitive to throw-rates, which govern the recurrence rates and highly 

sensitive to the dimensions of modelled isoseismals (Section 11.5.3). In particular, the implied 

uncertainties concerning the selected intensity radius have a significantly higher effect on 

shaking frequency values than the uncertainties implied from the fault throw-rate data (Section 

9.5). Sensitivity analysis also shows that the isoseismal dimensions impact on the hazard pattem 

in a non-spatially uniform way (Section 9.4). It is useful to mn a sensitivity analysis so as to 

define which locations will be influenced the most and thus obtain a complete view of the
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modifications induced to the final results by using different input parameters. Therefore, further 

evaluation that could constrain the isoseismal dimensions and the attenuation relationships will 

prove beneficial in limiting the uncertainties implied in the seismic hazard analysis for the 

regions of the central and southem Apennines (Section 11.5,3).

By comparing short-term throw-rates (e.g. historical record) with longer-term throw-rates (e.g. 

offset postglacial geomorphic features), one might be able to differentiate areas that are 

currently in a cluster of earthquakes from areas that are currently in an anticluster, providing 

important insights into seismic hazards. In Lazio-Abmzzo the historical record seems to be in 

agreement with the longer-term throw-rates, with the exception of the region around the town of 

L’ Aquila, which may be in a cluster period (Section 7.4). On the other hand, in the southem 

Apennines, there seems to be an inconsistency between the historical record and the longer-term 

rates extracted from the hazard maps, implying that the historical record is not representative of 

the longer-term throw-rates (Section 9.6). This occurs because the northem part of the study 

area (Irpinia, northem Basilicata) appears to be ahead of its longer-term seismicity rate, thus 

perhaps in a temporal clustering period, whereas the southem part (Pollino, southem Basilicata) 

appears to be below its longer-term rate, implying that it is in a temporal anticlustering period 

(Section 9.6.2). By counterbalancing both trends, the study area as a whole appears to be above 

its longer-term rate for intensities >IX (Section 9.6.3)

Poisson and conditional probabilities have been calculated for four towns in the Apennines, 

based on the recurrence intervals extracted from the hazard maps presented herein and the 

information retrieved from the historical record (Section 10.6). Conditional probabilities were 

calculated based on a time dependent renewal model for the year 2003, for the next 10, 30 and 

50 years respectively and imply that as the elapsed time since the last event increases and more 

elastic strain is accumulated, so does the likelihood of the next earthquake. Time dependent 

conditional probabilities incorporate the elastic rebound concept and are preferred in localities 

that are influenced solely from one fault. On the other hand, the time independent Poisson 

probabilities may offer a better estimate when the hazard in a locality results from the combined 

effect of several faults. Two towns that have similar average recurrence intervals and similar 

Poisson probability values, display significantly different conditional probabilities. This occurs 

because one town is at time early in the seismic cycle, whereas the other town approaches the 

later stages of the cycle. Conditional probabilities for localities that are at times early or late in 

the seismic cycle are considerably different from the Poisson probabilities, which are uniform in 

time and mainly reflect the average longer-term seismicity rates. Therefore, the choice of the 

probability model (Poisson or time dependent) affects the results considerably, unless a locality 

is at intermediate time in its cycle (Section 10.7).
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The major uncertainty in the time dependent probabilities is determining the standard deviation 

for recurrence intervals (Section 10.6.1). The input value concerning the intrinsic variability in 

the length of recurrence intervals, affects the results in a significant way. Depending on the 

phase of the earthquake cycle, the differences in the probabilities for different o values can be 

relatively small (at times late in the cycle) or can even exceed two or three orders of magnitude 

(at times early in the cycle). More analysis and a more complete knowledge of the variation in 

the inter-event times are required to improve the probabilistic time dependent forecast (Section 

10.7).

To summarise, the construction of these new type of seismic hazard maps presented in this 

study, implies that in several normal faulting environments, geological fault slip-rate data 

supported by local geological site-response data and GIS techniques, can offer higher spatial 

resolution and more reliable representation of seismic hazard than maps based on historical 

seismicity.
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Appendix

APPENDIX

There are four Appendices in the thesis. Appendix A and B lists the measured slope dips 

collected during the construction of topographic profiles as well as some fault plane and 

lineation orientation data measured in Lazio-Abruzzo central Apennines and in Campania- 

Irpinia-Basilicata, southern Apennines, respectively. Each slope dip measurement corresponds 

to 1 metre. Fault plane data are recorded as strike/Dip in accordance with the "right hand rule". 

Lineation data are mainly corrugations and striae and are recorded as plunge direction/plunge.

Fault Plane Lineation

Strike/Dip Direct/Plunge 

200/20 340/50

Locality numbers refer to Figure 4.1c (Appendix A) and Figure 5.1b (Appendix B) and are also 

presented in UTM coordinates.

Appendix C presents the script that was run in Arcview (written in Avenue language by 

Mokraoui, 2001) that creates a point in UTM coordinates, given the distance and bearing from 

an existing UTM point (e.g. from the northwestern tip of the fault, see Section 8.6).

Finally, Appendix D presents the script cbuff.aml that was run in Arc/Info (see Section 8.6). 

This scrip is written in AML language, which is the native programming language of the 

Arc/Info Workstation GIS software, and was developed by Sakellariou (2001).
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Appendix A

Slope dips and slip direction data from Lazio-Abruzzo, central Apennines. For localities see Figure 4.1c.

Trassaco 
Loc. 1

coordinates
33T

XUTM
0381202

Y UTM 
4642782

29 28 19 23 14 24
34 21 16 22 14 25
22 30 25 27 15 25
24 29 31 71 20 27
19 25 37 70 19 23
19 25 52 67 24 29
25 25 20 76 28 27
30 20 20 14 25 28
31 20 16 81 23
24 20 25 15 19

Loc.l
Strike/Dip Direct/Plunge

120 62 242 58
110 74 240 72
112 70 248 62
116 70 236 66
116 62 244 60
120 64 230 62
122 62 240 60
120 70 242 68
120 60 232 60
114 62 236 62

Carsoli coordinates XUTM Y UTM
Loc. 2 33T 0343943 4666185

7 4 7 10
5 6 9 9
5 3 11 9
5 6 11 17
4 8 10 8
10 5 14 5
8 4 12 3
11 28 15 5
4 46 10 9
5 65 9 9
5 65 9 7
10 65 11 11
6 65 8 12
12 70 10 8
7 68 10
9 20 10
6 31 15
12 10 14
4 9 7
5 10 12
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Loc.2 (main fault)
Strike/Dip Direct/Plunge

150 64 260 60
150 70 248 70
170 70 258 70
145 70 240 68
130 70 200 64
150 72 200 70
150 78 182 68
148 80 230 80
152 82 226 82
165 84 230 82
160 82 212 80
178 88 228 84

Loc.2 (secondary release fault)
080 72 206 68
060 80 174 74
050 84 192 80
050 68 172 68
058 74 182 70

Liri coordinates XUTM Y UTM
Loc. 5 33T 0373946 4638900

34 46 62 39 26
34 45 47 32 27
30 40 48 45 29
22 29 45 39 23
34 34 47 34 24
27 40 35 32 23
32 40 46 35
37 36 36 46
26 49 43 27
31 41 69 26
31 46 69 30
54 36 69 32
36 43 69 25
56 31 29 28
37 24 26 29
37 39 46 28
33 44 28 32
41 28 30 30
37 31 32 24
24 58 35 28
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Liri
Loc. 7

coordinates
33T

XUTM
0357047

Y UTM 
4653842

29
25
39
13
11
24
34
38
20
37

22
25 
46 
28 
45
26 
18 
41 
28 
29

30
26
30
52
35 
44 
56 
56 
32
36

23
45
60
54
60
65
38
30
28
25

14 
18 
16 
12
13
15
14
15 
15 
17

18
26
17
12
12
16

Leonessa
Loc. 8

coordinates
33T

XUTM
0332381

Y UTM 
4714191

31
32
36
37 
36
32
38
31
33
32

28
37
38 
35 
45 
26 
37 
32 
45 
40

37
38 
35 
51 
41 
37 
50 
44 
26 
26

31
36
42
41
41
67
67
67
65
10

4
52
27
8
9

26
16
27
22
26

23 
15 
25
25 
28
24 
27 
22
26 
30

26
20
23
15
20

Sulmona
Loc. 9

coordinates
33T

XUTM
0407507

Y UTM 
4664380

23
21
37
29 
28
30 
36 
29
32 
25
36 
29
37 
40
31
33 
25 
39 
28 
43

32
41
30
34
35 
46
31 
49 
40 
24 
44 
38
30 
24 
28
36 
27
31 
38
32

35
39
31
27
39
35
36 
35 
26 
46 
31 
30 
30 
38 
25 
24 
50 
60 
30
40

35
39
47
46
31
46
34
44
52
30
26
29
70
60
42
46 
57
47 
65 
64

55
50
45
60
20
16
26
38
34
35 
27 
35 
30 
35 
21 
20 
34 
21 
22 
22

28
28
24
31
28
22
30
26
21
24
26
18
27
27
29
24
22
21
26
24

21
24
23
28
20
21
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Loc. 9
Strike/Dip Direct/Plunge

108 60 178 56
116 50 184 48
114 50 180 50
112 52 168 48
128 52 200 50
122 50 218 50
110 60 188 54
132 62 214 58
128 60 232 60
120 52 210 52
124 72 202 70

:asseroli coordinates XUTM Y UTM
DC. 10 33T 0403907 4627565

24 36 49 27 20 25 15 20
31 49 44 35 22 22 11 16
33 55 42 45 14 20 22 15
28 67 34 36 12 18 15 14
31 47 50 50 14 17 16 15
34 32 34 49 18 18 16
35 42 48 57 13 16 16
36 39 46 49 15 16 17
24 45 35 30 18 16 16
41 40 24 25 12 15 18
30 48 30 20 12 23 16
36 42 39 15 14 15 17
26 35 32 11 15 10 17
25 33 30 9 16 16 20
28 40 28 15 15 12 15
26 46 42 15 9 14 18
31 0 13 19 12 15 16
31 43 5 21 9 16 19
46 48 11 21 15 13 19
37 40 3 18 24 12 14
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Pescasseroli coordinates XUTM Y UTM
Loc. 11 33T 0399361 4634061

39 44 39 24
43 45 24 30
40 46 59 24
36 42 36 26
39 37 51 25
31 56 36 37
46 48 61 24
39 40 53 28
46 45 57 28
24 45 50 29
42 45 77 31
32 47 46 23
36 51 30 30
36 42 36 26
30 38 36
38 38 32
41 44 34
54 39 28
47 37 33
35 49 26

Loc. 11
Strike/Dip Direct/Plunge

148 86 238 86
142 88 224 84
134 86 262 86
120 80 214 78
120 84 178 80
152 86 228 86
146 80 228 80
140 70 182 56
156 68 216 64
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Scurcola coordinates XUTM Y UTM
Loc. 12 33T 0352977 4665855

32 36 49 26 44
24 28 64 30 29
38 30 47 24 40
32 30 55 24 35
26 41 36 26 30
30 34 42 28 24
32 24 15 30
22 36 50 26
42 39 78 24
35 24 15 35
38 34 9 31
40 38 3 44
15 46 0 37
42 27 10 30
38 33 44 31
29 35 31 35
31 27 27 35
29 35 25 35
42 35 32 30
32 54 29 30

Campo
Imperatore

Loc. 13

coordinates
33T

XUTM
0386404

Y UTM 
4699825

38 39 29 39
32 36 26 35
15 38 32 34
24 25 31 32
38 44 27 31
24 36 34 31
31 25 36 34
30 63 40 32
34 57 34 26
33 34 36 25
42 42 20 25
37 39 25 30
32 40 38 31
39 58 22 25
43 50 33 32
24 48 32
30 44 33
31 40 33
40 58 29
25 62 20
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Montecristo coordinates 
Campo 

Imperatore 
Loc. 14

XUTM
0381519

Y UTM 
4697280

23 21 13 58 25 22
25 21 38 9 27 23
24 23 35 17 26 25
22 19 37 32 34 21
27 29 15 31 20 24
23 21 41 33 29
28 17 37 24 26
29 24 31 33 28
20 27 23 27 19
21 21 46 23 26

L ’Aquila coordinates XUTM Y UTM
loc. 15 33T 0369294 4701335

28 30 38 48 32 34
33 46 32 24 31 24
26 31 46 61 43 41
34 28 41 60 27 33
39 30 29 62 32 27
21 32 45 69 23 31
27 36 52 72 34 25
38 34 49 43 35 24
34 43 40 61 31 25
43 38 59 39 31
32 38 58 32 36
34 34 49 30 40
44 38 35 24 36
25 34 43 41 24
33 39 56 39 35
43 30 48 38 24
29 33 46 32 37
34 31 54 44 31
35 32 46 39 26
26 41 51 41 33

Loc. 15
Strike/Dip Direct/Plunge

062 80 136 78
076 70 124 62
104 78 256 68
140 74 232 74
128 70 216 70
120 58 182 58
112 54 188 50
112 56 208 56
114 58 206 58
110 56 180 56
162 68 194 64

411



Appendix A

L ’Aquila
loc. 16

coordinates
33T

XUTM
0383457

Y UTM 
4689203

25 49 32 21 34
36 22 29 32 25
32 46 31 24 33
34 40 39 24 17
33 40 32 23 33
31 34 34 36 38
38 41 38 17 25
31 37 25 35 28
32 38 51 23 22
31 34 35 31 31
35 31 44 22 24
31 32 46 28 22
39 21 19 26 32
26 31 60 31 27
33 26 58 27 24
20 25 61 28 34
20 26 7 28 26
39 52 64 26 26
42 43 53 31 28
41 24 15 30 33

L’ Aquila 
antithetic

coordinates
33T

XUTM
0385225

Y UTM 
4687517

Loc. 19

35 29 49 16 15
26 22 52 19 9
29 29 54 19 11
20 38 52 9
19 38 50 14
30 39 32 15
31 28 10 12
31 60 7 11
33 41 10 12
28 49 16 12

L ’Aquila
Loc. 20

coordinates
33T

XUTM
0391907

Y UTM 
4679658

Profile I

20 28 30 29 32
30 29 22 28 28
20 25 40 40 44
27 22 72 24 33
23 24 48 24 29
25 49 58 22 29
31 21 40 24 20
33 50 57 28 24
28 25 46 30 26
25 30 28 26

25
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L’Aquila
Loc. 20 

Profile II

32 22 35
27 12 36
25 17 34
33 54 33
32 55 36
32 53 29
40 40 40
45 17 26

35 30
29 32

[uignano coordinates XUTM Y UTM
-00. 21 33T 0344475 4681877

30 30 35 39 19 27 24

30 37 41 45 26 31 22

32 23 39 38 22 20 23

30 46 30 37 16 20 22

26 36 41 35 17 26 26

37 27 45 25 24 10 26

28 19 37 24 19 15 25

34 38 37 31 26 12 15

27 34 35 20 45 12 23

25 26 36 24 56 24

30 31 38 21 25 17

27 32 38 16 20 45

14 34 38 21 28 23

53 25 38 14 15 9

27 43 35 22 21 13

33 47 44 14 28 20

27 42 36 15 23 24

29 42 45 15 25 25

26 42 39 23 21 25

34 36 37 22 24 17

Barete coordinates XUTM Y UTM
Loc. 24 33T 0358438 4702072

26 32 29 73 24 27 41

25 34 38 75 39 32 24

28 26 24 73 34 23 25

29 31 34 74 3 30 26

29 32 22 58 68 25 23

31 31 58 61 29 29

28 30 57 57 27 28
32 26 41 24 26 24

24 29 29 15 24 31

31 31 71 46 29 29
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Loc. 24
Strike/Dip Direct/Plunge

148 52 236 52
154 52 234 52
146 50 256 50
150 54 232 52
146 50 238 42

Fucino coordinates XUTM Y UTM
Loc. 25 33T 0389531 4652123

29 45 25 25 16 5
26 25 30 22 16 6
25 28 26 21 17 7
24 44 23 19 14 3
28 36 28 14 16 5
21 31 25 12 15 6
28 26 22 16 17 31
29 27 25 25 14 35
35 21 24 52 13 34
25 22 18 41 14 14
26 31 25 57 15 5
22 28 7 39 15 6
32 28 30 24 15 10
26 32 22 20 10 11
34 36 20 15 12 11
28 28 25 15 13 10
27 33 28 15 8 6
26 25 29 21 13 13
28 26 21 22 10 7
28 26 24 21 13 6
25 26 24 16 14 7
59 21 26 25 14 9
29 28 28 21 12 8

38 16 25 23 14 9
29 21 28 21 15 11
37 26 25 20 17 9
27 25 22 22 12 7
29 24 25 18 18 10
31 25 26 22 15 11
53 23 24 21 18 6
30 23 20 22 15 10
35 31 22 16 18 6
58 26 27 22 10 11
39 28 27 15 16 11
29 25 26 20 12 10
68 28 25 12 15
49 27 25 19 10
28 25 21 16 12
68 30 28 16 11
76 25 25 14 6
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Parasano
Loc. 36

coordinates
33T

XUTM
0392776

Y UTM 
4649992

26 25 31 26 34 34
32 27 36 40 25 29
34 32 32 34 18 28
33 30 23 34 26 31
31 29 53 32 29 32
24 28 31 36 36
29 36 55 29 32
29 27 30 32 28
22 34 34 32 28
32 25 35 29 33
24 36 24 38 24
33 40 53 31 30
22 31 57 34 31
44 30 35 48 29
36 31 61 39 33
31 38 25 34 34
38 40 39 35 30
51 29 37 31 33
31 24 30 29 19
38 29 29 30 29

S.Sebastiano
Loc. 27

coordinates
33T

XUTM
0397378

Y UTM 
4644678

30 21 30 31 32
40 23 27 35 25
23 32 29 27 29
37 18 31 28 30
35 27 24 24 22
34 31 52 24 28
31 27 21 31 29
32 29 62 27 31
21 24 57 26 30
35 28 56 28 31
41 31 60 28 29
34 25 55 32 28
28 33 37 23 28
27 34 24 30 27
32 30 35 28 23
31 29 26 26 24
28 25 31 28 31
29 35 32 29 28
37 26 24 31 26
30 28 35 30
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Campo 
Felice SBF

Loc. 28

coordinates
33T

XUTM
0372831

Y UTM 
4675428

30 
32 
32 
43
31 
30 
36
32 
35 
39

48
27
64
34
46
34
41
43
44 
46

41
38
31
54
60
62
56
30
30
36

24
39
38
30
35 
32 
34
31
36 
30

35
38
26
38
34
29
33
32
38
27

32
34

Gioia
Vecchio

SBF
Loc. 29

coordinates
33T

XUTM
0394595

Y UTM 
4640092

30
24
24
22
24
16
15
15
15
18
19
15
15
28
26
24
15
17
19
27

29
27
15 
8 

21
16 
14 
3
14
32
38
20
32
34
20
48
40
68
55
60

40
42
50
56
24
24
15
8
3
13
12
12
13
14 
9 
11 
12 
8 
12 
7

11
8

25
34
27
9
4 
12
5
7
8 
11 
4
6 
7 
9 
9 
4 
11

7
11
13 
10
14 
16
15 
12 
10 
12
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APPENDIX B

Slope dips and slip direction data from Campania-Irpinia-Basilicata, southern Apennines. For localities 

see Figure 5.1b.

Pollino
Loc. 30

Coordinates
33S

XUTM
4412845

Y UTM 
0605223

32
25 
28 
28
26 
25 
25 
15 
34 
17
24
25 
28 
28 
42
33 
36 
32 
31 
25

26
22
26
28
25
24
34 
38 
20 
28 
38 
32 
13 
44
25 
40 
28
35 
34
26

40
23 
12 
31 
15 
83 
18
24
23 
21 
28 
31 
30 
35 
21 
35 
22
24 
37 
39

35 
65 
21
15 
19 
87 
68 
17
24 
61
16 
37
25
36 
27
37 
25 
29 
23 
48

27
25
36
18
35
20
25
25
30 
20 
24
23
26
24 
22
31 
21 
24 
23 
21

30
26
22
27 
20 
21
28 
19 
24

Pollino
Loc. 31

Coordinates
33S

XUTM
0611287

Y UTM 
4409150

31
37
40
31 
25 
40
32 
24 
46 
35

30
49
28
30
38 
25 
35 
24
39 
37

38
38
25
36 
34
37 
22 
37 
67 
31

49
27
35 
40
36 
35 
27 
25 
21 
32

73
82
41
32
41
38
36
35
29
25

33
45
30
38 
36
32
39 
36 
42
33

43
25
36
33 
36 
35
31
32
34

POLLINO
Loc.32

Strike / Dip Direct/Plunge
082 60 180 60
092 62 172 62
098 60 178 60
074 58 172 56
084 58 174 54
090 62 178 62
078 66 170 62
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Mercure
Loc. 33

Coordinates
33T

XUTM
0581379

Y UTM 
4430162

25
23
27
24 

21 
23
19
25
28
20

25
24
21

23
24 

16
25 
21 
24 
21

25
24
19
24
23
15
15
14
18
34

43
38
35
30
25
20
23
23
22
21

19 
21
20 
26 
26 
19 
21
19
20 
19

22
19
23
19
24
20 
17 
19

Mercure
Loc. 34

Coordinates
33T

XUTM
0582178

Y UTM 
4429629

33
39
25
46
32
39 
38 
41 
24
40

34
35 
38 
44
36 
42 
20 
46 
32 
35

33 
35 
19 

88 
75 
70 
81 
61 
45
34

52
46
41
42 
34 
28 
28
27
28 
27

45
28
36
26
27
27
30
30
24
20

11
7
9

24
34

Maratea
Loc. 36

Coordinates
33T

XUTM
0562700

Y UTM 
4429519

38 54 37 32 34 31 32
37 45 60 32 34 32 29
40 42 64 23 33 30
65 45 69 42 22 54
48 46 69 28 40 32
34 56 69 23 25 27
36 40 62 17 45 29
39 56 23 20 23 43
54 44 40 15 34 27
57 46 29 53 33 32

Loc.36
Strike/Dip Direct/Plunge

118 72 250 70
122 74 258 74
118 68 242 68
118 70 236 70
120 70 256 65
116 70 254 70
120 66 246 66
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Val’ D Agri coordinates X UTM Y UTM
Loc. 37 33T 0571296 4468174

24 14 15 10 11 14
21 17 17 10 8 13
13 32 21 20 16 14
17 20 17 27 8 13
20 23 20 15 10 13
16 14 20 20 10 9
21 17 15 14 10 11
19 10 11 10 14 15
20 2 8 14 8 18
24 85 9 12 7 8
16 47 11 11 10 6
23 25 15 9 13
27 24 33 10 8
20 58 17 16 14
16 46 15 17 14

19 22 8 11 14
22 17 20 10 18
21 17 17 13 14

22 12 8 14 3
22 15 6 21 64
14 17 7 15 34

23 38 18 11 13
19 46 17 15 10
15 47 11 12 11

26 46 13 14 9
13 28 10 17 10
32 24 14 10 11

18 23 11 13 12
11 48 10 17 6
27 20 15 10 17
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Loc.37
Strike/Dip Direct/Plunge

108 74 190 68
098 64 184 60
108 70 204 68
118 68 192 68
106 82 190 70
106 84 180 68
074 60 154 54
080 78 150 74
080 80 202 78
084 80 164 80
090 60 168 58
092 60 170 60
090 60 182 60
090 60 168 52
060 70 152 70
100 72 150 72
104 46 172 44
072 68 146 64
090 70 166 68
100 78 172 78
054 62 136 60
118 66 198 60

Val’ D ’ Agri Coordinates XUTM Y UTM
Loc. 38 33T 0570741 4469864

24 21 22 50 5 21 40
24 26 24 23 49 17 24
25 24 23 21 11 21 20
21 15 23 21 21 22 24
19 30 24 29 10 24 26
37 22 20 16 81 20 22
24 25 21 75 77 17 21
19 22 20 70 40 22 20
23 24 25 37 9 22 26
25 25 21 65 23 19 18

20
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Vallo di Coordinates XUTM Y UTM
Dlano 33T 0538726 4491971

Loc. 39

24 32 44 25 29
37 38 56 29 25
33 39 51 24 29
32 35 6 6 28 26
34 33 54 27 30
32 34 14 30
34 25 32 27
27 45 26 31
33 36 24 31
32 39 19 25
24 34 34 28
36 33 29 28
36 35 29 29
34 38 28 29
39 15 33 33
25 55 24 30
35 72 31 29
38 6 6 27 29
34 59 29 31
32 62 27 31

Loc. 39
Strike/Dip Direct/Plunge

124 6 8 190 64
126 60 194 56
122 64 180 58
128 60 188 50
132 6 6 194 60
142 64 206 52
126 62 188 52
140 6 6 188 62
150 72 178 60
150 70 188 58
148 70 176 62
140 64 178 60
138 64 202 52
136 58 190 44
140 58 176 56
152 70 190 62
146 6 8 196 60
144 70 194 58
146 62 188 54
146 60 200 52
144 68 196 56
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Vallo di 
Diano
Loc. 40

Coordinates
33T

XUTM
0538539

Y UTM 
4492238

33
41 
22 
30 
36
42
33 
24
34 
36

32
27
40
41
28 
40 
27 
32 
30 
27

28
21
26
34
30
31 
28 
24 
60 
55

22
63
50
52
70 
46 
61 
9

71 
31

29
36
33
35
31
32 
29 
31 
29 
27

27
39
33
32
29
35
36 
27 
35 
32

37
32 
34
33 
31 
29

Vallo di 
Diano
Loc. 41

Coordinates
33T

XUTM
0537182

Y UTM 
4492810

31
33
31
29
31
35
37
35
29
39

34
38
32
33 
25 
38 
32
34 
30
35

27
39
34
46
26
41
31
64
65 
70

18
24
34
24
25 
40 
32 
25 
32 
27

34
29 
27
35 
31
30
31 
35 
35 
37

29
36 
24 
28
37 
35

Vallo di 
Diano
Loc. 42

Coordinates
33T

XUTM
0545958

Y UTM 
4479775

20
24
19
20 
19 
22 
24 
29 
24
19
29 
22 
22
23
20
30
24 
24 
24 
23

24
25 
24
26 
22 
30 
24
23 
35
34 
30 
7 
5 
7
35 
29 
28 
39
24 
20

34
25
28
25
32 
41
34 
73 
68
35
33 
71 
50 
54 
7

48
23
18
16
15

10
12
12
16
12
11
15
14
17
15
14
18
16 
18 
17
15 
17
16 
16 
16

14
18
16
17
16
14
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Irpinia
Loc. 44

Coordinates
33T

XUTM
0515232

Y UTM 
4520580

23 17 20 36 41 18
23 22 23 29 34 20
24 21 21 47 24 18
28 13 23 39 24 19
17 17 30 38 23 16
24 20 35 34 24 14
21 19 32 32 20 15
24 14 32 45 22 18
20 20 35 42 24 19
23 19 34 34 21 21

15

Irpinia
Ant

Loc. 45

36
21
36
36
30
39 
36 
33 
36 
35 
19
40 
26
31 
31 
28 
29 
45 
25 
29

Coordinates
33T

38
29
36
24 
32
40 
46
25 
58 
28
41 
46
41 
55 
62 
40 
21 
19
42 
34

XUTM
0542557

33 
38
34
36 
33 
44
31
37 
41
32 
10 
55
4 
20
5
31
24
38 
24 
38

Y UTM 
4514780

23
35
35
35
31
32 
31
31 
38
33
29
30 
35
34 
30 
29
32
33
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San Coordinates XUTM Y UT]
Gregorio
Loc. 47

33T 0532772 450231

26 22 50 40
27 26 13 34
26 27 63 20
28 25 36 30
29 24 47 37
25 29 31 26
20 25 37 30
34 21 27 41
22 26 31 34
29 24 38 33
28 21 30 30
25 26 25 25
24 21 40 20
25 22 40 32
24 16 23 34
21 22 34 24
30 31 14 23
31 19 22 22
29 39 22
19 58 28

Loc. 47
Strike/Dip Direct/Plunge

106 52 212 52
086 50 208 46
090 50 192 48
098 48 208 46
102 54 226 50
104 52 212 48
114 60 218 56
112 60 196 58
098 56 140 32
108 62 162 48
106 62 174 58
098 62 166 52
100 60 174 54
100 40 200 38
074 62 184 60
100 46 192 36
100 44 204 44
100 46 194 46
108 54 200 52
106 50 184 50
104 52 196 50
104 52 190 50
106 50 210 50
098 46 194 46
084 52 190 50
100 50 184 50
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APPENDIX C

It creates a point in UTM coordinates given the distance and bearing from an existing UTM point 

Name: BearingDistanceFromTextFile ave 

Author: Lyes Mokraoui (2001)

Code/Language: Avenue

Input: text file containing points' bearing and distance
Process: calculates the next point’s x and y co-ordinates

Output: new records are added in the primary shapefile 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

MsgBox.wamingC'Attention !!! You must select an initial point from the theme" +NL+ "The file structure must be;" 
+NL+ "aStationID, aDistance,aBearingDegree,aBearingMinute", "Please read this carefully !") 
theview = av.getactivedoc 
thethemes = theview.getactivethemes 

if (thethemes.count <> 1) then 
msgbox.wamingC'Please Choose The theme to add the points to.","Choose Theme") 
return nil 

end 'if (thethemes.count <> 0) then

thetheme = thethemes.get(O) 
thePtab = thetheme.getPtab 
theselection = theftab.getselection 
findtheshape = thePtab.fmdfield("shape") 
theshapetype = findtheshape.gettype

if ((theshapetype.asstring <> "PIELD_SHAPEMULTIPOINT")and(theshapetype.asstring <> 
"PIELD_SHAPEPOINT") = true ) THEN

msgbox.wamingC'The theme must be a point theme.","Choose theme") 
return nil 

end

thenumber = theftab.getselection.count 
if (thenumber <> 1) then 
msgbox.wamingC'Please select one point first.","Warning") 
return nil 

end

for each r in theselection 
thelnitialPoint = theftab.returavalue(findtheshape,r)
XI = thelnitialPoint.GetX 
Y1 = thelnitialPoint.GetY 

end

ThePileName = PileDialog.Show("*.txt","ASCII Pile","Please Choose Input Pile:")
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if (ThePileName = nil) then 

exit 

end

TheFile = LineFile.Make(TheFiIeName, #FILE_PERM_READ) 

totalRecs = TheFile.GetSize

'TheNumRecords = 0 

av.ShowStopButton

av.ShowMsg("Converting"++TheFileName.GetBaseName+"...")

TheFTab.StartEditingWithRecovery

TheFTab.begintransaction

if (theftab.findfieldC’stationID") = NIL) then

ThelD = theFtab.AddFields({Field.Make("StationID", #FIELD_VCHAR, 8, 0)})

End

if (theftab.findfieldC’DistanceToNextStation") = NIL) then

TheDistance = theFtab.AddFields({FieId.Make("DistanceToNextStation", #FIELD_DECIMAL, 18, 2)}) 

end

if (theftab.findfield("BearingDegToNextStation") = NIL) then

TheBearing = theFtab.AddFields({Field.Make("BearingDegToNextStation", #FIELD_DECIMAL, 18, 0)}) 

end

if (theftab.findfield("BearingMinToNextStation") = NIL) then

TheBearingMin = theFtab.AddFields({Field.Make("BearingMinToNextStation", #FIELD_DECIMAL, 25, 0)}) 

end

if (theftab.findfield("X_Coord") = NIL) then

X_Coord = theFtab.AddFields({Field.Make("X_Coord", #FIELD_VCHAR, 25, 2)}) 

end

if (theftab.findfield("Y_Coord") = NIL) then

Y_Coord = theFtab.AddFields( (Field.Make("Y_Coord", #FIELD_VCHAR, 25, 2)}) 

end

TheFtab.fmdfield("ID").setvisible(false)

TheFTab.endtransaction 

TheFTab.stopeditingwithrecovery(true) 

while (true) 

buf = TheFile.ReadElt 

My Token = buf.AsTokens(",") 

zelD = MyToken.get(O) 

zedistance = My T oken .get( 1 ). asnu mber 

zebearingDeg = MyToken.get(2).asnumber 

zebearingMin = MyToken.get(3).asnumber 

zebearingSec = {}

zebearing = zebearingDeg + (zebearingMin/60)
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if (zedistance = 0) then

msgbox.wamingC'The distance must not be a zero (0) value!","WARNING") 

return nil

elseif ((zebearingDeg = 0)and(zebearingMin = 0) = true) then 

zebearingDeg = 360 

end

zebearingRad = (zebearingDeg + (zebearingMin/60)). asRadians 

X2 = (zedistance * zebearingRad.sin) + XI 

Y2 = (zedistance * zebeari ngRad.cos) + Y1

TheFTab.StartEditingWithRecovery

TheFTab.begintransaction

shpNew = X2@Y2 

nRecNew = TheFT ab. addrecord

theftab.SetValue(TheFTab.findfield("ID"),nRecNew,"nRecNew+l") 

theftab.SetValue(TheFTab.fmdfield("Shape"),nRecNew,shpnew) 

theftab.SetValue(TheFTab.findfieId("StationID"),nRecNew,zeid) 

theftab.SetValue(TheFTab.findfield("DistanceToNextStation"),nRecNew -1,zedistance) 

theftab.SetValue(TheFTab.flndfield("BearingDegToNextStation"),nRecNew-l,zebearingDeg) 

theftab.SetValue(TheFTab.findfield("BearingMinToNextStation"),nRecNew-l,zebearingMin) 

theftab.SetValue(TheFTab.findfield("X_Coord"),nRecNew,X2.asstring) 

theftab.SetValue(ThePTab.findfield("Y_Coord"),nRecNew,Y2.asstring) 

'theftab.SetValue(TheFTab.findfield("Shape"),nRecNew,shpnew)

TheFTab.endtransaction

TheFTab.stopeditingwithrecovery(tme)

XI =X2  

Y1 = Y2 

if (buf = NIL) then 

break 

end

if (TheFile.IsAtEnd) then 

break 

end

End 'while (tme)

av.ClearStatus

av.ClearMsg

theview.GetWin.Activate
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APPENDIX D

The script reads the file that contains the co-ordinates of the potential epicentres, as an argument and 

creates a coverage for each point. Then a buffer coverage is created for each point. Each buffer-coverage 
is transformed in to a grid and after overlaying all the grids, a 'risk' grid is created.

Name: chuff.ami 

Author: Athina Sakellariou 

Last modified: 3'̂  July 2001 
Code/Language: AML

Input: text file which contains x and y co-ordinates of the potential epicentres 

Process: buffering, rasterising, overlaying

Output: a single grid, derived from the addition of all the previous grids 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

/* Routines:

/* CHECKS

/* IMPORT_TEMPLATE 

/* CREATE_POINT_COVS 

/* CREATE_BUFFER_COVS_AND_GRIDS 

/* CREATE_RISK_GRID 

/* BAILOUT 

/* USAGE

/* Variables:

/* coordsfile = Holds the name of the file which contains the point co-ordinates

/* bufferRadius = Holds the Radius of the buffer zone that will be created around each /* point.

/* cellSize = Holds the size of the raster cell

/* routineName = Holds the name of the current routine. In case that an error occurs 

/* the Routine BAILOUT' informs the user that the error took place

/* inside routine %routineName%

/* fileunit = When a file is opened with the [open] function, a unique number is

/* returned to indicate the file. The variable holds this unique number.

/* oStatus = Holds the status of the result of the [open] function. The possible 

/* oStatus values follows:

/* 0 File opened succesfully

/* 100 Too many files opened

/* 101 File not found

/* 102 Could not open file

/* 103 Could not create file

/* readStatus = Holds the status of the result of the [read]

/* function. The possible readStatus values are:

/* 0 Line record read successfully

/* 100 File not open for reading

/* 101 Error during read
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/* 102 End of file reached

/* 103 Unable to re-open file

/* 104 Line record characters too many (more than 1024)

/* closeStatus = Holds the status of the result of the [close] function.

/* cnt = General purpose counter

/* record = Holds the contents of each line of the co-ordinates file.

/* For example: record = 1,45,78

/* id = Holds the ID of the point.

/* X = Holds the x co-ordinate of the point.

/* y = Holds the y co-ordinate of the point.

/* total Co vs = Holds the total number of c%cnt% coverages

/* Main Programme Block

/* The &args AML command is responsible for specifying the command line arguments 

/* that are necessary to run the AML script

&args coordsfile bufferRadius rasterCellSize

/* Establish the environment of the programme.(ie. In case of a severe error, call the routine named BAILOUT, 

which is going to terminate the programme as properly

/* as it could). In case of a severe warning, ignore what happened and continue the 

/* execution of the programme.

&severity &error &routine BAILOUT 

&severity &waming &ignore

/* Start calling the routines ...

&call CHECKS

&call IMPORT_TEMPLATE

&call CREATE_POINT_COVS

&call CREATE_BUFFER_COVS_AND_GRIDS

&call CREATE_RISK_GRID

/* Terminate and return to the command line.

&retum

/* END Main Programme Block 

/ * = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

/ * = = = = = = = = = = = =

/* Routines Block
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I *  This routine performs initial checking 

&routine CHECKS 

&setvar routineName := CHECKS

/* Check whether the user has entered a file in the command line or not. If not, call the 

/* routine USAGE to inform the user how to run the programme properly. This is 

/* accomplished by checking the contents of variable %coordsfile% with the [null]

/* function.

&if [null %coordsfile%] &then 

/* If the %coordsfile% variable is null:

&do

&type

&type No coordinates file entered.

&call USAGE 

&end

/* In the same way check to see if a buffer distance is entered in the command line.

&if [null %bufferRadius%] &then 

/* If the %bufferRadius% variable is null:

&do

&type

&type No Buffer Radius entered.

&call USAGE 

&end

/* Now check if the %bufferRadius% variable stores a number. This is accomplished 

/* with the [type] function. Usage for [type]:

/* [type <string>]

/* The possible returned values are:

/* 1 if the <string> holds a character string.

/* 2 if the <string> holds a Boolean string (.TRUE, or .FALSE.).

/* -1 if the <string> holds an integer number.

/* -2 if the <string> holds a real number.

&if [type %bufferRadius%] > 0 &then 

&do 

&type

&type A number is expected for <buffer_radius>.

&call USAGE 

&end

/* Check for %rasterCellSize% variable 

&if [null %rasterCellSize%] &then
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! *  If the %rasterCellSize% variable is null: 

&do 

&type

&type No Raster Cell Size entered. 

&call USAGE 

&end

&if [type %rasterCellSize%] > 0 &then 

&do 

&type

&type A number is expected for <raster_cell_size>.

&call USAGE 

&end

/* Check whether the script is called from the ARC module. This is accomplished 

/* by checking the return value of the [show] function with the parameter 'program'. 

/* If not 'quit' the current module and return to ARC.

&if [show program] ne ARC &then 

&do 

quit 

&end

/* Make sure that the precision for every co-ordinate will be the highest 

/* possible.

precision double highest 

&retum

/* This routine imports the template coverage that will be used 

/* by the routine CREATE_POINT_COVS to create each coverage.

&routine IMPORT_TEMPLATE

&setvar routineName := IMPORT_TEMPLATE

/* This is executed if the coverage named template doesn’t already exist in the 

/* workspace. This will be accomplished by calling the [exists] function 

/* Usage for [exists]:

/* [exists <object> -cover] (the keyword 'cover' is used to check 

/* the existance of a coverage.

&if [exists template -cover] &then 

&do
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import cover template template 

&end

&retum

/* This routine creates the point coverages 

&routine CREATE_POINT_COVS

&setvar routineName := CREATE_POINT_COVS

/* Enter the ARCEDIT module 

arcedit

/* First open the coordinates file by using the [open] function.

/* Usage for [open]:

/* [open <file> <status_variable> <-READ | -WRITE | -APPEND>]

&setvar fileunit := [open %coordsfile% oStatus -read]

&if %oStatus% = 0 &then 

&do /* This will run only if file was opened succesfully

/* Read the first line of the file by using the function 

/* [read]. Usage for [read]:

/* [read <aml_file_unit> <status_variable>]

/* Use also the [unquote] function to remove the quotes that 

/* have been placed in the %record% variable during read.

/* Usage for [unquote]:

/* [unquote <string>]

&setvar record := [unquote [read %fileunit% readStatus]]

/* Set the counter to 1 to indicate that the first record has 

/* been read 

&setvar cnt := 1

/* Loop through the records of the file.

&do &while %readStatus% = 0 

/* Use the [extract] function to extract the id,x,y from 

/* the record that has been read and store them in the 

/* appropriate variables.

/* Usage for [extract]:

/* [extract <element_number> <element...element>]

&setvar id := [extract 1 %record%]

&setvar x := [extract 2 %record%]

&setvar y := [extract 3 %record%]
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/ *  The following commands are arcedit commands responsible 

/* for creating a coverage containing a point.

/* The sequence of these commands is explained here.

/* 1. Create a coverage named c%cnt% (ie. c l, c2, c3 etc)

/* 2. Set the editfeature to label (this means that you are 

/* intending to manipulate points in the coverage).

/* 3. Clear the point buffer.

/* 4. Push a point in the buffer.

/* 5. Push a dummy point in the buffer with the signal 9 

/* which is the termination signal, (that means that you 

/* are terminating adding points).

/* 6. Add the points from the buffer to the coverage.

/* 7. Create the standard database fields (attributes) for 

/* point coverages. That is, AREA, PERIMETER, Coverage#, 

/* Coverage-id

/* 8. Select all the points of the coverage (should be only 

/* one)

/ *  9. If the selection was successful then assign the id of 

/* the point to be the one contained in the co-ordinates 

/* file which is stored in the variable %id%

/* 10. Save the coverage.

/* 11. Remove the coverage from the memory.

&type

&type *** Processing coverage Number %cnt%

&type

create c%cnt% template 

editfeature label 

&flushpoints 

&pushpoint I %x% % y %

&pushpoint 9 0 0 

add

createattributes 

select all

&if [show number selected] <> 0 &then 

&do

calculate $id = %id%

&end 

save all yes 

removeedit all yes

/* Increase the value of the counter variable (%cnt%)

/* by one, and read the next record of the co-ordinates file 

/* The value of %cnt% is increasing by calling the [calc]

/* function and performing the mathematical operation
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/ *  (%cnt% + 1).

&setvar cnt := [calc %cnt% + 1]

&setvar record := [read %fileunit% readStatus]

&end

/ *  At this stage all the records of the file must have been 

/* successfully read, the end of file has to been reached and 

/* the readStatus variable has to have a value of 102. If this 

/* is not the case, then an error occurred during reading the 

/* file. In this case, inform the user about the situation and 

/* call the routine BAILOUT to terminate the programme,

/* otherwise try to close the file by calling the [close]

/* function. Usage for [close]:

/* [close <aml_file_unit> | ALL]

&if %readStatus% <> 102 &then 

&do 

&type

&type Read ERROR. Read file status %readStatus%

&call BAILOUT 

&end 

&else 

&do

&setvar closeStatus := [close -all]

&end

&end

&else

&do

/* This will run if the file could not be opened successfully 

&type

&type Open file status is %oStatus%

&call BAILOUT 

&end

/* Return to ARC module by quitting ARCEDIT. 

quit 

&retum

/* This routine creates the buffer coverages and grids

&routine CREATE_BUFFER_COVS_AND_GRIDS

&setvar routineName := CREATE_BUFFER_COVS_AND_GRIDS

/* Store the total number of coverages in variable %totalCovs%

/* The number is the value of counter minus one (and that's 

/* because the counter of the records is counting
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/* the EOF (end of file) record as well, which is the 'enter' character 

&setvar totalCovs := [calc %cnt% - 1]

/* Loop for each coverage and create a new buffer coverage

/* named c%cnt%buff. This is accomplished

/* by using the buffer command of the ARC module.

/* Usage for BUFFER command:

/* BUFFER <input_cover> <output_cover> (buffer_item}

/* {buffer_table}(buffer_distance} {fuzzy_tolerance} (LINE | POLY 

/* I POINT I NODE) (ROUND | FLAT} (FULL | LEFT | RIGHT}

/* The arguments enclosed in <> are mandatory.

/* The arguments enclosed in {} are optional.

/* The symbol '|' indicates different options for the same 

/* argument and could be read as OR'.

/* When an optional argument is omitted then the first of the 

/* options is used by the BUFFER command.

/* It is possible to omit an argument by entering the symbol '#'

/* The resulted coverage is polygon topologically constructed 

/* (This has been done by the buffer command automatically)

/* The field (coveragename)-id has a value of 1.

/* This field will be used by the POLYGRID command of the ARC 

/* module to convert the coverage c%cnt%buff in to a grid named 

/* g%cnt%buff.Each cell of the grid that lies within the circle of 

/* the coverage will have a value of the field (coveragename)-id 

/* (that is 1). Usage for POLYGRID command:

/* POLYGRID <input_cover> <output_grid> (valuejtem)

/* {lookup_table}(weight_table}

&do cnt := 1 &to %totalCovs%

&type

&type *** Processing coverage Number %cnt%

&type

buffer c%cnt% c%cnt%buff # # %bufferRadius% # point # # 

polygrid c%cnt%buff g%cnt%buff c%cnt%buff-id 

%rasterCellSize%

y

/^Delete the coverage that was created using “all” option 

kill c%cnt%buff all 

&end 

/*

&return

&routine CREATE_RISK_GRID

&setvar routineName : = CREATE_RISK_GRID

/* First enter GRID module
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grid

/* Set the analysis window equal to the mapextent of the coverage 

/* template 

setwindow template

/* Loop through the grids and change all the "nodata" values of 

/* the cells to values of zero.

/* This would be accomplished using a combination of two 

/* grid funtions. The functions are the 'ISNULL' and the 

/* 'CON' function.

/* Usage for ISNULL :

/* ISNULL (<grid>)

/* Usage for CON :

/* CON (<condition>, <true_expression>,

/* {<condition>, <true_expression>},...

/* {<condition>, <true_expression>}, ( false_expression} )

&do cnt := 1 &to %totalCovs%

&type

&type *** Processing grid Number %cnt%

&type

g%cnt%buff2 = con(isnull(g%cnt%buff), 0, g%cnt%buff)

/*ayto skotwnei ta grids 

kill g%cnt%buff all

&end

/* Rename the gIbuffZ grid and store it as “gtemp” 

rename glbuffZ gtemp

/* Now loop through the grids to create the risk grid named grisk 

&do cnt := 2 &to %totalCovs%

&type

&type *** Processing grid Number %cnt%

&type

/* 1. Add the values of the next grid to gtemp and create a new 

/* grid named grisk.

/* 2. Delete the grid named gtemp.

/* 3. Rename the grid grisk to gtemp.

grisk 1 = gtemp + g%cnt%buff2 

kill g%cnt%buff2 

&system arc kill gtemp all 

&system arc rename griskl gtemp
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&end

/* Quit the GRID module and return to ARC. 

quit

/* Rename the gtemp grid to griskl 

rename gtemp grisk 

&retum

&routine BAILOUT 

&severity &error &ignore 

&severity &waming &ignore 

/* Close any opened file

/* This will be accomplished by calling the [close] function.

&setvar closeStatus := [close -all]

&type An ERROR has occured in routine %routineName%

&type Bailing out of cbuff.aml programme due to ERROR condition.

&retum &inform

/^Inform the user who wants to execute the script 

&routine USAGE 

(fcseverity &error &ignore 

&severity &waming &ignore 

&type

&type &run cbuff.aml <coordinates_file> <buffer_radius> <raster_cell_size>

&type

/*

&retum &inform 

/* END Routines Block
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